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On unshrouded axial flow turbine rotors, the tip clearance,
required for thermal expansion and manufacturing limitations,
allows fluid to leak from the pressure side to the suction side
of the blade. This flow across the blade tip causes a large
proportion of the overall rotor loss. In this work, the flow was
visualized, microscopic static pressures taken and flow field
measurements were done in the blade tip region to investigate the
complex nature of tip clearance flows.
An annular turbine cascade with a rotating outer casing was used
to simulate the relative motion at the tip of an axial rotor. It
was found that relative motion did not have a significant effect
on the basic structure of the micro-flow, even though it reduced
the leakage mass flow rate which is important as far as mixing
loss formation is concerned. The existence of a narrow, very low
pressure depression, caused by the flow remaining attached around
the sharp pressure corner edge, was confirmed. The width and
pressure of the separation bubble were found to be strongly
dependent on gap size but the relationship was not linear. The
point at which the separation bubble reattaches was seen to
coincide with a slight rise in static pressure.
The separation bubble which caused the majority of the internal
gap loss, and which was thought to contribute to the mixing
loss, was shown to disappear when the pressure corner was given
a radius of 2,5 gap widths.
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A linear cascade was used to evaluate the performance of two
blade tip shapes that substantially reduced internal gap loss and
to compare them to a standard sharp or flat tip blade. A method
whereby linear cascade data was analyzed as if it were a rotor
with work transfer, was used to evaluate the performance of the
various blade tip geometries. It was found that both modified
tips increased the mixing loss due to the extra leakage mass flow
rate. The first tip with the radiused pressure corner was seen
to have a lower efficiency than the flat tip blade. A second tip
that was contoured to shed flow in a radial direction and thus
decrease the leakage mass flow rate through the gap was seen to
significantly increase the overall efficiency.
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The aerodynamic losses generated by the rotor stage of an axial
turbine may be split into the following loss categories:
1) Profile loss which is caused by skin friction or shear
flow over the blade surface.
2) Annulus loss due to skin friction or shear flow on the
inner and outer annulus.
3) Tip clearance loss found on both shrouded and
unshrouded rotors due to the clearance required for
thermal expansion and manufacturing limitations.
4) Secondary flow loss resulting from all shear flows
other than in 1, 2, 3 and is mainly due to the blade
to blade pressure gradient turning the boundary layers
and wrapping them into a vortex.
This thesis focuses on the tip clearance loss of unshrouded
rotors, in which the fluid leaks from the concave (pressure)
side to the convex (suction) side of the blade at the blade tip.
The fluid emerging at the suction side rolls up into a vortex
that rotates in the opposite direction to that of the secondary
flow. (see Figure 1.1)
The losses generated by the tip clearance are due to shear flow
(friction or entropy generation) and the failure of the rotor to
deflect (i.e. extract work from) the flow. Figure 1.2 shows the
reduction of work due to velocity vector reduction and due to
reduced deflection.
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FIGURE 1.1 TIP CLEARANCE LEAKAGE FLOW
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As illustrated in Figure 1.3, many different blade tip geometries
and casing treatments have been developed to control or minimize
tip clearance loss. The main strategy has been one of decreasing
the amount of leakage flow or discharge coefficient. This
approach has the inherent disadvantage in that the only way to
block the leakage path is to form low velocity fluid which
constitutes a loss or entropy generation. The ability of the
blade tip to deflect the fluid (or extract work from the fluid)
has in the main been ignored. A method was required to evaluate
blade tip efficiency and thereby, through experimental means,
develop blade geometries whereby entropy generation is minimized
and deflection of the fluid is taken into account and so maximize
blade tip efficiency. A suitable method which does this was
applied in this thesis.
The study of tip clearance flows was for many years limited to
an overall loss measurement where only the inlet and outlet flow
fields were examined or where a rotor was tested for overall
performance. This approach revealed nothing of the flow structure
both in the mainstream leakage vortex region and in the
microscopic gap between the blade and the casing.
More recently, relatively simple measurements and flow
visualization in a low speed cascade have revealed a number of
phenomena and posed some interesting questions regarding the tip
clearance flows. It is with respect to these findings that this
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FIGURE 1.2 LEAKAGE FLUID LOSSES
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FIGURE 1.3 VARIOUS BLADE TIP GEOMETRIES
Two dominant features are evident in the microscopic flow field
existing in the clearance gap; the separation bubble and the
pressure distribution. As shown in Figure 1.4 the flow separates
on the pressure corner of the tip to form a separation bubble.
This separation bubble forms a blockage (or, vena-contracta
effect) which causes the static pressure to drop substantially
below even the suction surface pressure and to stay low until the
flow reattaches to the blade tip. This thesis provides flow
visualization and detailed static pressure measurements to
clarify the data regarding this bubble.
Smoke flow visualization experiments and oil surface flow studies
have shown that the width of the separation bubble became wider
with increased tip clearance. However static pressure
distributions seem to indicate that the bubble width is
independent of gap size. In this thesis the effect of gap size
on the separation bubble was clarified.
An important aspect of the gap flow appears to be that as the
fluid turns to enter the gap, the lowest static pressure is found
at the edge of the blade in the form of a narrow extremely low
pressure trough. This low pressure trough is thought to occur due
to the flow remaining attached around the corner as shown in
Figure 1.5. This low pressure trough was previously revealed by
using a microscopic static tapping technique, but because of the
small size of this zone only one measurement had been obtained.
In this thesis the micro tapping technique was improved to obtain
a higher resolution, to define the shape, and confirm the





























FIGURE 1.5 ATTACHED FLOW ARROUND PRESSURE CORNER
Traverses of the flow leaving the clearance gap revealed that
the majority of the loss generated within the gap was present
in the fluid leaving the gap over the latter half of the blade
(i.e. from midchord to the trailing edge) (see Figure 1.6).
As shown in Figure 1.7, the overall loss in the blade tip region
was broken down into the following components.
1) Secondary and endwall loss.
2) Loss generated within the gap.
3) Loss due to leakage flow mixing with mainstream flow.
It was seen that the loss generated within the clearance gap
(mainly due to the separation bubble) was about 40% of the total
endwall loss.
From Figure 1.7 it could be seen that the mixing loss only
started occurring near the blade exit plane. The start of this
mixing loss coincided with the area where the majority of the
internal gap loss (due to separation bubble) left the gap. This
suggested some relationship between mixing loss and internal gap
loss caused by the separation bubble. It was thus thought that
it could be illuminating to see how the mixing loss developed for
a streamlined tip blade which would have no separation bubble.
In this thesis the loss development was examined for two
streamlined blade tip geometries and compared to a flat tip. All
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FIGURE 1.7 TOTAL ENDWALL LOSS DEVELOPMENT (BINDON 1988a)
In axial turbines the relative motion of the casing is in the
opposite direction to the leakage flow, causing intense viscous
shear on the gap endwall. The effect of relative motion on the
flow and separation bubble within the clearance gap was thus
examined in this thesis.
It is difficult to study the flow in a true rotating rotor.
Relative motion between the blade tip and the endwall has
previously been generated by using a moving belt in a stationary
linear cascade. In the present study, an annular cascade/turbine
combination was available which provided the opportunity to
rotate the outer casing while keeping the stator blade stationary
(see Figure 1.8).
Figure 1.9 is a schematic, illustrating the method used to create
relative motion between the stator row (stationary annular
cascade) and the rotating casing. The stationary test blade row
was supported by the inlet section above it, which in turn was
supported by four brackets which were bolted to the bottom fixed
section of the casing. The casing surrounding the stator and
rotor was attached to the rotor blades, which were driven by the
main stream flow after it was given swirl by the test blades.
To summarize, the main objectives of this thesis were to study
the effect of gap size and the effect of relative motion on the
microscopic flow within the tip clearance gap. Streamlined blade
tip geometry was introduced to control the separation bubble in
the gap. The effect of this on the flow structure and the losses
incurred were investigated to provide a greater understanding of
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the mechanisms giving rise to tip clearance loss and possibly

















FIGURE 1.9 ROTATING CASING TURBINE RIG SCHEMATIC
CHAPTER 2
LITERATURE REVIEW
The earliest efforts at improving the efficiency of the blade tip
region in turbines and compressors were based on reducing the tip
clearance and thus decreasing the amount of leakage fluid. A
physical limit of how small the clearance gap could be made was
soon reached due to clearance required for thermal expansion,
creep, manufacturing tolerances and thermal distortion of the
casing.
Rains (1954) introduced colored oil droplets into the flow of an
axial water pump with blading similar to a compressor, to study
the generalized movement of tip fluid. The data gained here was
used as a basis from which he developed two loss calculation flow
models. The first was an idealized flow model applying
Bernoulli's equation at gap entry and exit, and ignored viscous
effects. In a second more correct model he included the
separation bubble (found at the entry to the gap), reattachment
and flow mixing.
Many different blade tip geometries and casing treatments have
been studied in the past, but the majority of this work has
concentrated on quantifying and predicting the losses and the
clearance gap discharge coefficient. Booth et al (1982) conducted
a series of experiments on three water flow rigs in which leakage
quantities were measured over simulated blade tips. As shown in
Figure 2.1 the first two experimental rigs had a wall with a

























































































and leaked through the slot to simulate flow through a clearance
gap. The gap pressure ratio and transverse velocity were
adjustable through columns of water upstream and downstream of
the transverse flow. The first rig was very simple in that it
only had water flow on the high pressure side of the gap and
thus the leakage flow was not affected by flow on the low
pressure side of the gap. The second rig was an improvement of
the first and included transverse flow on the suction side of the
gap so that the static pressure could be adjusted on both sides
of the gap. The gap leakage flow was measured by recording the
time needed to accumulate a quantity of water leaking through the
gap. The third rig was a horizontal water table cascade with tip
clearance in which the water height of the free surface could be
measured on the pressure and suction sides of the blade to
determine the static pressure distribution. Dye was injected into
the flow and a high speed camera used to photograph the movement
of the dye clusters to determine the velocity and direction of
the leakage flow. Data obtained in these rigs was used to develop
a model following Rains' (1954) theory to describe the leakage
flow. Seventeen different blade configurations that represented
variants of flat tips, squealers, grooves and winglets were
tested. Winglets were shown to be the best tip configuration. A
rotor with winglets was tested and compared against a rotor with
flat tip blades and found to be more efficient.
Wadia and Booth (1982) used time dependent finite difference
equations and assumed laminar incompressible flow to calculate
the discharge coefficient for five basic tip geometries.
Streamlines were calculated for the various tips but their
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predictions failed to show the separation bubble at the entry to
the gap.
Offenberg et al (1987) surveyed 12 casing treatments to study the
effect of a trench in the casing on axial turbine performance.
The casing treatments and tip clearance geometries were
variations of the ones illustrated in Figure 2.2. Here it was
found that at the nominal tip clearance (1.5% of blade height),
an untrenched casing produced the least losses. As the tip
clearance was increased to 3% of blade height it was found that
shroud trenching returned less of a loss penalty than the solid
wall.
The static pressure on the pressure surface and suction surface
of the blade and thus the blade loading, deteriorate near the
blade tip. Moore and Tilton (1987) took static pressure
measurements on the blade pressure surface and on the endwall in
a linear cascade with clearance. The data obtained was used to
model the unloading along the pressure surface and the endwall
static pressure distribution up to the separation bubble.
Sjolander and Arnrud (1986) used static pressure measurements in
a linear cascade to evaluate the effect of tip leakage on the
blade loading for various tip clearances. As shown in Figure 2.3
multiple rows of pressure tappings on the pressure and suction
surface showed the unloading of the blade at the tip. Flow
visualization was also used to examine the leakage flow and it
was shown that the starting point of the leakage vortex moved
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FIGURE 2.3 PRESSURE DISTRIBUTIONS FOR BLADE WITH CLEARANCE
SHOWING EFFECT OF TIP CLEARANCE ON BLADE LOADING
(SJOLANDER AND AMRUD 1986).
Until recently the complex and microscopic nature of the flow
within the tip gap had been neglected. During experiments to
investigate the causes of tip burn out, Bindon (1986 a, b)
unravelled some of the basic mechanisms of the flow in the
clearance gap. A static pressure survey in a linear cascade was
done on the endwall and on the blade tip using a relatively
simple but effective micro pressure tapping technique. As shown
in Figure 2.4, it was revealed that as the flow turns to enter
the gap, the pressure drops to the lowest value in the form of
a narrow extremely low trough. This was believed to be due to the
flow remaining attached around the corner. The flow then
decelerates sharply and separates to form the bubble which causes
the static pressure to remain relatively low as the main leakage
flow accelerates over the blockage caused by the separation
bubble. The static pressure then recovers to approximately
suction surface pressure as the flow reattaches.
A chordwise pressure gradient was also found within the
separation bubble, with the lowest pressure at midchord. As shown
in Figure 2.5 Bindon (1988 a) suggested that the separated flow
within the bubble moved in a chordwise direction towards midchord
where it stagnated and then mixed with the leakage flow to be
ejected at the suction side of the blade. When this high loss
leakage wake enters the diffusing flow at the suction surface,
it may separate to create the majority of the mixing loss. This
would explain the sudden increase in loss found in the latter
part of the blade. Since mixing loss appears to be linked to the
flow within the separation bubble, it was hypothesized that the














FIGURE 2.4 BLADE TIP AND ENDWALL STATIC PRESSURE DISTRIBUTION
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FIGURE 2.6 TOTAL ENDWALL LOSS DEVELOPMENT (Bindon 1988a)
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eliminate the separation bubble.
Bindon (1988 a) measured the detailed development of tip
clearance loss from the leading to the trailing edge of a linear
turbine cascade within the clearance gap and on the endwall.
These measurements were used to identify, separate and quantify
for the first time the contributions made by mixing, by internal
gap shear flow and by endwall/secondary flow. It was revealed
that only 13% of the overall endwall loss is due to
endwall/secondary flow and of the remainder, 39% loss was
generated within the gap and about 48% was due to mixing (see
Figure 2.6). Here it was further reasoned that the conventional
method of decreasing the discharge coefficient actually
introduced loss or increased entropy within the gap. It was also
suggested that performance improvements may result from
streamlined tip geometries designed to avoid the formation of
separation bubble and which optirnize the trade-off between
entropy production and flow deflection.
Bindon (1986 a, 1987 a) investigated the effect of increasing the
radius of the pressure corner on the static pressure
distribution. As shown in Figure 2.7 the magnitude of the
pressure depression on the edge of the blade was decreased by
increasing the radius of the pressure corner. However only a
single pressure reading was recorded at each chordwise station
and more information was needed regarding the effect of blade




















FIGURE 2.7 EFFECT OF PRESSURE SURFACE CORNER RADIUS ON THE
BLADE TIP PRESSURE DISTRIBUTION (Bindon 1986a)
Yaras et al (1988) used a 3 hole pressure probe to measure the
flow along the blade mean line in the clearance gap. These
measurements were used to calculate the mass flow rate through
the gap and showed that most of the leakage occurs towards the
endwall. In work mentioned above, Bindon (1988 a) presented the
loss profiles (between the blade and endwall) of the fluid
leaving the gap and showed that the boundary layer on the blade
tip was much larger than that on the endwall.
Most of the existing knowledge of tip clearance flow was obtained
in simple linear cascades without relative motion between the
blade tips and the endwall. Gearhart (1964) investigated the
effect of relative motion by using an endless belt that moved in
the direction of the leakage flow. His work was primarily aimed
at water pumps and he found that relative motion increased the
leakage mass flow rate through the clearance gap, due to the
direction of motion being in sympathy with the leakage flow.
Graham (1985), in a water flow cascade with a moving bel t
endwall, found that relative motion had the effect of reducing
the mass flow rate through the gap and also the vortex strength.
At small clearances he showed that the leakage flow could be cut
off by increasing the speed of the belt. A drop in discharge
coefficient was also shown by the model developed by Wadia and
Booth (1982). Mayle and Metzger (1982) used a spinning disc and
rectangular surface to show that the heat transfer coefficient
of the tip was independent of relative motion. This, they argued,
was because the gap radial length was too short for the two
boundary layers to meet and interact viscously.
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The effect of increased clearance gap on the separation bubble
within the gap has been examined in the past. Smoke flow
visualization experiments of Bindon (1986 b, 1987 b) showed an
increase in bubble width with increased clearance. However static
pressure distributions of Bindon (1986 a) suggested that the
bubble pressure was independent of clearance. Moore and Moore
(1986) calculated the velocity profile within the gap and found
the separation bubble to be proportional to clearance height
(bubble width = 2 x gap). In an oil surface flow study, Moore




ANNULAR CASCADE AND APPARATUS
3.1 ROTATING CASING TURBINE RIG
To assess the effect of relative motion on the flow within the
gap, to measure the effect of gap size on the separation bubble
width and to confirm the existence of the low blade edge
pressures, a low speed vertical axis research turbine was used.
the turbine had been modified during a previous project to have
a rotating casing and a stationa~y row of test blades. The
modification was carried out to simulate the relative motion at
the tip of an axial rotor (Morphis 1986). The diameters of the
outer annulus and hub were 406 mm and 284 mm respectively and the
inlet axial velocity was 25 ms-I.
The rig consisted of a stator row of blades (test blades)
supported by the inlet section, followed by a row of rotor blades
which were used to drive and support the rotating casing
(Figure 3.1). A fan downstream of the blade rows was used to
generate the axial flow through the turbine rig. The rotor and
thus the rotating casing were driven by the flow exiting the
first stator row (or annular cascade). In order to perform low
speed flow visualization experiments a section of the rotating




















FIGURE 3.1 ONE AND A HALF STAGE LOW SPEED RESEARCH TURBINE WITH
ROTATING CASING TO SIMULATE RELATIVE MOTION BETWEEN
BLADE TIPS AND ENDWALL
The angular velocity (rotational velocity) of the rotating casing
was adjusted so that the correct ratio of axial velocity to
tangential velocity (of the rotating casing) could be obtained.
The angular velocity of the rotating wall was dependent on the
axial flow velocity (or Reynolds number) and the stagger angle
of the rotor blades. The speed of the suck down fan and hence the
axial velocity of the air flow could be adjusted at the rig.
As mentioned above, the function of the rotor was to drive and
support the rotating casing. Thus the rotor had to extract the
amount of work (or energy) from the flow equal to the loss
generated by the rotating casing, the rotor, its bearings and
dormant hydraulic pump, at the required rotational velocity.
Applying the Euler equation and referring to Figure 3.2 ,the work
extracted by the rotor is W = U(Ve3 - Vf)2. ). For a given rotor
blade stagger angle and deviation, the direction of the outlet
relative velocity W3 is set. At a given axial flow velocity the
rotor speed U will increase until the vector V3 (absolute outlet
velocity) gives a Ve3 such that the work extracted by the rotor
U(VS3 - VS2 ) equals the losses.
The stagger angle of the rotor blades was adjusted to -20 degrees
which set the Vx / Ucasing ratio to approximately 0.7 at the
operating Reynolds number. Figure 3.3 shows the variation of
Vx / Ucasing with Reynolds number. A summary of cascade and test
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The largest profile that fitted in the rotating casing section
was selected so as to magnify the microscopic detail of the flow
in the tip region. This resulted in a blade with a relatively low
aspect ratio.
An untwisted NACA A3K 7 profile with thickened trailing edge was
selected to model a cooled blade. The rotating casing had an
axial length of 80 mm. Camber angle and stagger angle for various
chord lengths were computed (Appendix 1.a). A camber angle of 60
degrees was chosen. A blade chord of 115 mm resulted from setting
the stagger angle to 45.7 degrees for zero inlet angle. From the
correlation method by Ainley and Mathieson (1957) a chord/pitch
ratio of 0.6 was read giving 15 blades.
A computer program that was able to thicken the trailing edge was
used to calculate and plot the blade profile coordinates to scale
(Appendix 1.b). The trailing edge was thickened by adding a
thickness equal to a factor (.02) times the percentage chord.
(i.e. Omm was added at the leading edge, 1mm at mid chord and 2mm




A master blade was hand made from Jelutong wood and sealed with
polyester resin. This blade was used to cast the female mould in
two halves from Aeroldit CW 216/HY 216 metal filled epoxy resin
using QZ13 release agent. The blades that were to be instrumented
with pressure tappings, were cast from Aeroldit CW 221S/HM. The
remainder of the blades were cast from a less expensive resin,
Aeroldit M-Resin/HR (Figure 3.4).
3.3 Tip geometries and blade instrumentation
A clearance gap of 2% chord (2.3.mrn) was used for all experiments
in the annular cascade, except for the ones where the effect of
clearance was examined. For these, the tip clearance was adjusted
to 1%, 2% and 4% of chord by inserting spacers between the blades
and hub.
Radii of 2%, 3% and 5% of chord were used to explore the effect
of pressure surface edge radius on the separation bubble and
blade gap pressure distribution. These pressure corner radii
were hand shaped and measured with a radius gauge.
A micropuncture technique developed by Bindon 1987 was used to
obtain the detailed static pressure distribution on the blade
tip. As shown in Figure 3.5 the blades used for static pressure
measurements were slotted at various chordwise stations to create
a chamber. The chamber was accessed by a spanwise hole drilled
through the blade into the hub. Flexible tubes were connected
FIGURE 3.4











from the hub through the nose cone to a multitube manometer (see
Figure 3.6). The slots were taped over and micropunctured for
high resolution static pressure measurements of up to 5 pressure
tappings per millimeter. After puncturing, the position of a
tapping was measured with a graduated hand held magnifier with
a resolution of 0.1 mm. The used holes were blocked using
"Lock Tite" non hardening gasket sealer. The blade was
instrumented with 19 slots at intervals of 5% chord as shown in
Figure 3.7.
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CHORDWISE LOCATION OF BLADE TIP STATIC PRESSURE
MEASUREMENT SLOTS
CHAPTER 4
LINEAR CASCADE AND APPARATUS
In the second part of this experimental program the performance
and loss development for various tip geometries were measured
using 3 hole and 5 hole pitot static probes in a linear cascade.
Traverses were done at the gap exit, the blade exit plane and
along the endwall.
4.1 LINEAR CASCADE, BLADES, AND TIP GEOMETRIES
An existing wooden linear cascade was improved using aluminum and
perspex walls attached to the wooden bellmouth inlet as shown in
Figure 4.1. The inlet dimensions of the cascade were 260mm x
650mm and it was driven from the outlet of a large open section
wind tunnel as shown schematically in Figure 4.2.
A proprietary blade profile, as used by Bindon (1986) in previous
tip clearance studies was selected so that direct comparison of
results would be possible. Six blades of 186 mm chord were used
to give a channel between blades 3 and 4 for measurements. The
cascade Reynolds number based on chord and cascade exit velocity
was 470 000.
Jelutong wood blades were CNC machined in sections of 50 mm.
Each blade was made up of five sections to give a blade length
of 250 mm. The sections (drilled in a spanwise direction) were
pushed onto two 8 mm studs with threaded ends and shoulders for
46
47










































































mounting on the hub side of the cascade. Spacers were used for
adjusting the tip clearance. In order to stop the perspex wall
from deflecting, and thus altering the tip clearance, 4 studs
were -fitted in the tips of the second and fourth blades from the
top. As is illustrated in Figure 4.3 these studs protruded
through the endwall allowing lock nuts to be used for fine
setting of the tip clearance.
As illustrated in Figure 4.4 the following four blade tip
geometries were used.
1) Square tip with zero clearance.
2) Square tip with 2.5% chord clearance.
3) Radiused pressure corner with radius=2.5 x clearance
to avoid separation bubble and 2.5% chord clearance.
4) Contoured or radiused suction side squealer with 2.%
chord clearance to avoid bubble formation and to
deflect the flow radially. (see Figure 4.4 for profile)
To change the tip geometry of the blades only the tip segments
of the four center blades were replaced.
4.2 MEASUREMENT GRID
A 2 dimensional grid was defined in the center channel for taking
measurements. Figure 4.5 shows the grid definition in the
axial/tangential plane. The spacing for this grid was selected
using data obtained from Bindon 1988. The grid was made denser
in areas where higher loss was expected. Additional points were

































FIGURE 4.4 THE VARIOUS BLADE TIP GEOMETRIES TESTED
IN THE LINEAR' CASCADE
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FIGURE 4.5 END WALL MEASUREMENT GRID
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loss from one grid point to the next. At each grid point the
probe was traversed in the radial direction (i.e. into the page)
from the endwall up to where zero loss occurred. The spacing for
the radial direction was determined during flow measurement and
depended on the change in loss or flow angle from the last point.
(i.e. if a relatively large difference in loss or flow angle was
found from one point to another then more points were added in
between.)
The flow exiting the clearance gap was measured on a grid as
shown in Figure 4.6. At each grid point the probe was traversed
from the endwall to the tip of the blade.
4.3 PROBES
Three probes were used to traverse the cascade flow field. Two
of them were 3 hole cobra probes and the third was a 2 hole probe
oriented at 90 degrees to the 3 hole probes as shown in
Figure 4.7. The 3 hole probes were used to obtain 2 dimensional
data of the flow in the axial/tangential plane. The 2 hole probe
was used with either of the 3 hole probes to simulate a 5 hole
probe so that the radial component of the flow could be measured.
The null and semi-null yaw mode methods were used with the 3 hole
probes. In the null yaw mode the probe was rotated about its
axis until it faced directly into the flow (i.e. the two outer
holes record the same pressure). The flow angle was then recorded





FIGURE 4.6 GAP EXIT MEASUREMENT STATIONS AT 10% CHORDWISE
INTERVALS
2 HOLE PITCH PROBE·
3 HOLE YAW PROBE
FIGURE 4.7 ORIENTATION OF 2 HOLE PITCH PROBE RELATIVE
TO THE 3 HOLE YAW PROBE
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recorded to enable calculation of the static and dynamic pressure
of the flow. With semi-null yaw mode the probe was rotated until
the flow was approximately facing the probe and the pressures of
each tube and the probe angle were recorded. The calibration
curves were then used to calculate the exact angle, static
pressures and dynamic pressures of the flow. The method used to
calibrate the probes is discussed in Chapter 5.
At each measurement point the 2 hole probe was rotated to the
angle obtained by the 3 hole probe and the two pressures were
measured to enable calculation of the radial component of the
flow.
All three probes were mounted on a traverse mechanism which
rotated for null yawing and traversed in the radial direction.
The traverse mechanism was mounted on a stand with slides for
movement in the axial and tangential directions as shown in
Figure 4.8.
4.3.1 3 Hole yaw probe (exit plane)
A 3 hole cobra probe mounted on a sting as shown in Figure 4.9
accessed the exit plane from the outlet of the cascade. The axis
of rotation for this probe was through the center of the head so
that the probe head remained at one position in space during null
yawing. A schematic of the probe head is shown in Figure 4.10.
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FIGURE 4.8 TRAVERSE MECHANISM STAND WITH SLIDES
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4.3.2 3 Hole yaw probe (endwall and gap exit)
This probe, in the shape of tightly radiused gooseneck as shown
in Figure 4.11, was used (through holes drilled in the endwall
at the traverse stations) to access the endwall flow and the gap
exit flow. A limitation of this probe was that the tip moved
about a radius of 2.5 mm when used in the null or semi null yaw
mode but it could be traversed right up to the endwall.
4.3.3 2 Hole pitch probe
The 2 hole pitch probe was orientated at 90° to the 3 hole yaw
probes (i.e. it measured the radial component of the flow). This
probe was also in the shape of a tightly radiused gooseneck
(Figure 4.12) and accessed the endwall flow in a similar manner
to the above probe. As mentioned earlier this probe was used in
conjunction with the above two probes to give 5 hole probe data.
During traverses the 2 hole pitch probe was null yawed using data
obtained from the 3 hole yaw probes. A 30° nose angle made this
probe sensitive over a wide angle enabling it to be used in the
fixed mode in the radial direction.
4.4 Data acquisition, pressure transducers, and computational
facilities
Four Fuji 250 mm H20 4-20mA differential pressure transducers
were used for measuring probe pressures. The transducers were
connected in series with a shunt resistor and a constant voltage










PRESSURE TRANSDUCER CONNECTION TO VOLT METER
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shunt resistor was read by three Keithley and one Phillips
voltmeters with HP-IB parallel outputs and connected directly to
an HP 86 micro-computer. Traverse positions and angle were
entered manually while vol tages (function of pressures) were read
automatically. At each traverse point several readings were taken
and an average was calculated. The data was stored on floppy disc
at the end of each radial traverse. (Program listed in
Appendix 2.A)
An HP 86 micro computer was used to convert the raw data to
dimensionless numbers and to store them on floppy disc
(Appendix 2.B). A program by Bindon (1988b) that converted the
stationary data to the rotating frame of reference was used to
integrate the data. The method used in this program is discussed
in Chapter 6. An HP 9000 217 and an IBM PC compatible were used




PRESSURE TRANSDUCER CALIBRATION, PROBE CALIBRATIONS, CONNECTIONS
AND CALCULATION OF DIMENSIONLESS COEFFICIENTS
5.1 Pressure transducer calibration
A total of four pressure transducers were used with the linear
cascade. Three transducers were used for measuring the probe
pressures and one for measuring inlet total pressure. The
transducer zeroes were adjusted to give sufficient range in the
positive and negative directions. Each transducer was calibrated
using a micro manometer and a syringe (to apply pressures). A
computer program was used to automatically read the voltages from
the voltmeters (Appendix 3.A). Voltage readings were taken at
various pressures for each pressure transducer. A linear
regression was done to fit a straight line equation that related
voltage across the shunt resistor to pressure. A sample
correlation was also calculated to indicate "goodness" of fit of
the straight line curve.
The effect of temperature on the pressure transducers was
examined by calibrating the transducers at various room
temperatures that represented the range encountered while taking
measurements. The calibration constants for 3 temperatures are
shown in Appendix 3.B. The calibrations done at a room
temperature of 23.8 C were used for all the experiments since the
maximum error due to temperature drift was seen to be less than
one percent.
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5.2 Connections for minimum error
When two large numbers are subtracted to obtain a relatively
small difference, then the percentage error and zero error are
amplified for the difference. This is best illustrated by the
following example. If two transducers read voltages of 12v and
10v with an error ±lv (±8% and 10% error respectively) then the
difference would be 2v with a maximum possible error ±2v (±100%
error). On the other hand if the difference was read directly by
one transducer with an error of ±lv then the resultant maximum
error would be only ±50%. In order to minimize this error the
pressure transducers and probes were connected as shown in
Figure 5.1 so that the required pressure differences were
measured directly.
5.3 3 Hole Probe Measurement and Calibrations
The three unknowns that must be determined for two dimensional
flow measurements are static pressure, dynamic pressure and flow
direction or yaw angle. Using a 3 Hole pitot static probe the
three unknowns can be calculated. The pressure measured by any
tube of the probe represents the static pressure plus a fraction
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FIGURE 5.1 PRESSURE TRANSDUCER AND PROBE CONNECTIONS FOR MINIMUM
ERROR.
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The pressure measured by any tube of the probe is
P. = Ps + Kjq Ci = 1, 2, 3)1
P. - P
therefore K. 1 s fCt/;)= =1 q
( 1 )
(2)
where t/; = yaw angle
define Kt/;z
Pl - pz
= Pl - P3
During calibration Pl, Pz, P3, Pt, Ps was recorded for various yaw
angles t/;. Kt/;2 , Kz and Kl where calculated and plotted against t/;.
from ( 1 ) Pl = Ps + Klq
and pz = Ps + Kzq
thus Pl - pz = (Kl - Kz)q




from (4) & (7) Ps PI _ Kl (PI - pz)= (Kl K2) (8)
Since the probes were used in either null or semi-null yaw modes
it was only necessary to calibrate them over a narrow range of
yaw angles. The probes were calibrated over a range of -10
degrees to 10 degrees of yaw angle. The calibration curves are
shown in Appendix 3.C. The dimensionless coefficients calculated







Now if probe is semi-null yawed then Pt ~ PI




Cp = PsO - Ps
qo
(defined)
substituting (8) Pso - PI + KI (PI - P2)= (KI K2)






5.4 5 Hole Probe Calibration and measurement method
In order to define the flow in three dimensions, two additional
pressure tappings are required in the pitch plane so that the
pitch angle can be calculated. As mentioned earlier in Chapter 4,
two probes were used to give 5 Hole probe data, the 3 Hole probes
were used to obtain data in the yaw direction and a 2 Hole probe
was used in the pitch direction. The calibration curves for the
5 Hole probe are shown in Appendix 3.0.
The method used at each measurement point was as follows:
1) Null yaw the 3 Hole probe (i .e. Pl - P2 = 0)
2) Record 1/;, (Pl - P2), (Poo - Pso)yaw
3) Set 2 Hole pitch probe at 1/; obtained from 3 Hole yaw probe
4) Record (P4 - P5), (Poo - Pso)pi tch
The tunnel inlet dynamic pressure (Poo - Pso) was recorded for
both probes to enable a correction of the error due to fluctuations
of the tunnel wind speed. The value of (P4 - Ps) was adjusted to be
used with the 3 Hole probe to create 5 Hole data as follows.
(P P) ( (Poo - Pso)yaw
4 - 5 5hole = P4 - P5) (POO _ Pso)pitch
5 Hole Probe Calibration
Define the following coefficients:
P4 - P5
KO = PI - P2 (10)
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F(O) Pt - Ps= PI - P2 ( 11 )
PI - PtGun = Pt - Ps
During calibration KO, F(O) and G(O) were plotted against O.
5 Hole probe data analysis and dimensionless coefficients.
(12)
Firstly calculate KO = P4 - P5 and find 0 from KO vs 0 plotPI - P2
Then find F(O) and G(O) from plots of F(O) and G(O) vs 0
respectively.
From (11) & (12) F(O) (PI - P2) PI - P2= G((}) (13)
therefore Pt = PI - F(O) G(O) (PI - P2) (14)
rearanging (11) Ps = Pt - F(O) (PI - P2) (15)
substituting (14) & (15)





















Cv = Pt - Ps
qo
Cdefined)
substituting (14) & (16)
= _P_l_-_F--,-C_e=--)......:.G......:.C_e.:....-)_(=--P.....:-.l_---=P--=-2.....:....)_---=P-=.l_+~F~( -=-(}.:...-)--.::C-=.P-=.1_----=.P-=.2..:-)_(~l=-----..:...+_G-=-(:.....:.(}-=-)....:_)
qo




CALCULATIONS AND INTEGRATION OF RESULTS
6. 1 TRANSFORMATION FROM STATIONARY TO ROTATING FRAME OF REFERENCE
FOR EVALUATION OF BLADE TIP PERFORMANCE
Rotor blades are often evaluated in stationary linear cascades
because of the ease of taking measurements and cost factors. One
way of evaluating a stationary cascade is by determining the loss
in total pressure which is also a measure of increased entropy.
This method however, does not give the full picture of the rotor
performance since it ignores the ability of the rotor to deflect
the flow or extract work from the flow. Bindon (1988b) developed
a method of converting stationary cascade data into rotor data
by adding the blade speed vector U to the inlet and outlet
velocity as shown in Figure 6.1, to obtain simulated absolute
inlet and outlet velocities. This provided a better basis for
evaluating tip clearance geometries than merely considering loss
or gap discharge coefficient. Bindon' s method of evaluating
stationary cascade data as if it were a rotor is presented below.
The programs are listed in Appendix 4.
For compressible flow and using Figure 6.2 three efficiencies may
be defined as follows:
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u HVe2









FIGURE 6.2 ENTHALPY ENTROPY DIAGRAM
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(I) Total to Total Efficiency
w
~tt= h -h .
01 021S
Here the denominator is the ideal work in a loss free rotor with
the same total outlet pressure as in the real rotor, or the same
outlet static pressure and velocity. This definition should be
used in multi-stage turbines where the exhaust velocity from a
stage is not lost.
(11) Total to Static Efficiency
w
~ts = h h
01- 2is
Here the denominator is the work from a loss free rotor with the
same static outlet pressure and with no kinetic energy in the




The denominator is defined in terms of the same static outlet
pressure and an ideal outlet velocity. This will have the effect
of penalizing a rotor with a high outlet velocity.
The above efficiencies are all rotor efficiencies whereas
normally a stage efficiency is calculated that also includes the
nozzle loss.
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For incompressible flow, the energy balance for the hypothetical
rotor is
( 1 )
The above equation can be applied to a stream tube of fluid. To
apply this globally to a flow that has variations within the
inlet and outlet flow fields the equation must be written in
terms of mass averaged quantities.
The incompressible efficiencies are defined in terms of ideal
work when the appropriate pressure differences are applied to
a loss free rotor.


















= __--I.P_w = ---'-p_w _
Po - P 5 V2 -A -21 2 + . P 2id pw + u Po + ,5pV2
(4)
Each term in the above equations may be non-dimensionalised with
the free stream cascade inlet velocity head
following coefficients.
2.5pW to obtain the




CL = mean total pressure loss coefficient for




= mean velocity ratio for the whole flow field
w
C 'dV21 = ideal velocity ratio V 'd2 ]
w
The above quantities are all mass averaged and are determined by
integration of the whole flow field. The efficiencies may be
written as follows:
C 1w
17 tt = =




C + CL +
-2
C2 CL {c2 _ C 2 }Cw v2 v2id v2 v2id1 + - +
C Cw w
C 1w





The efficiency of the rotor normally takes into account the whole
rotor passage from hub to tip. In order to make the efficiency
more sensitive to tip clearance losses, only the endwall zone
affected by leakage is considered (see Figure 6.3). In Bindon
(1988a) a cascade inlet blade height z1 of 25% chord was found to
include the zone affected by tip clearance.
The exit blade height z2 is found such that the mass flow passing
through the exit plane is equal to the mass flow passing through
the inlet plane. This exit plane height will depend on the
extent, intensity and direction of the tip leakage and secondary
flows and is different for each tip shape. The inlet conditions
are kept identical for each blade tip shape making the efficiency
and rotor work directly comparable since they relate to the same
quantity of fluid.
All the coefficients required to calculate the efficiency were
calculated by integrating with parallel sided segments and a
constant blade speed U. Thus hub tip ratio or radial variations
were not required.
The mass flow rate at inlet is
ID = (7 )
and at the exit plane













INTEGRATION HEIGHT Z2 CALCULATED SUCH THAT INLET
AREA HAS THE SAME MASS FLOW RATE AS EXIT AREA AND
INCLUDES ALL TIP AND ENDWALL EFFECTS.
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Here S is the tangential width of the channel at the plane being
considered. To find the exit plane height Z2 f equations (7) and
(8) are combined to give
(9 )
Non dimensionalizing with the mass flow of free-stream inlet




m ( W dz W dz dsC = 1 1 2 cos /3 2 (10)= ---- --m pWSz W z W z S
1 1 1
Here it is now convenient to make the mass flow coefficient equal






2 Z 1 S
Z2 can be found by iteration or by repetitively integrating for
various values of z2 until the R.H.S. of the equation is equal to
unity.
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6.2 THE WORK COEFFICIENT
The specific power extracted by the hypothetical rotor can be
found by using the Euler work equation. For a fluid element
passing through the rotor
The overall work rate




As shown in Figure 6.1 the inlet velocity to the hypothetical
rotor is axial thus V01is constant and equal to U.
w=---
rn m





p I d~l u2
C =--=---_w
A A1 2
P I pW dA u2 p I pw dA U V(}1 1 2 2 2=
A A1 1
I pW dA .5pW2 1 pW ciA .5pW21 1 1 1
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Since the flow is uniform in the tangential direction at the




• At the exit plane dA
2





2 U2 I \VI S dz
2
U I W2 V02 ds cos (32 dz- P I P 2C =w
A A
I I
W20.5 2 I WIS dz W2 0.5 2 I w S dzp I P I I
A
2
U2 2U I W2 cos f3 2 V02 ds dZ 2= 2 - --
w2 W2 Al
I \VI S dZ I
devide top and bottom by WS Z
I
A
W V ds dz2












2L t f2 W2 V :Z2) ds( 02 cos f3
U2 W
W W 2 S
0 0 I= 2 -- ( 11 )
W2 z W dz




6.3 THE TOTAL PRESSURE LOSS COEFFICIENT
The total pressure loss generated within the rotor may be found
from




is the total pressure loss at inlet and is mainly
due to the inlet and boundary layer
is the total pressure loss at the measurement
plane.
=----




The mass averaged total pressure loss at measurement plane may
be found from

















p I W CL dA222
=-------









divide top and bottom by WA
1
W ds dz
I2c COS f3 2W L2 2 S z1=












Now to find the mass averaged total pressure loss at inlet





I pW1 dA1 6POl
=
I pW dA .5pW2
1 1
=
I W CL dA1 1 1
I W dA
1 1






W L1 S z
1
=------









Substituting equations (13) and (14) into (12)
tt (IV dz ] ds t w dzW2 C 2 I Icos (32 L2 Zl S- W CLI Zlo 0 0
CL = (15)








become zero (ie end of boundary layer), then integration may stop.
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6.4 OUTLET VELOCITY COEFFICIENT





I pW dA _2_
2 2 W2
= ------






w Y 2 ds dZ
2--! ~ cos {32 __








s JZ2 [W2 V~ cos fJ
2
s] ds








Integration must continue right up to Z2 since this term is an
average kinetic energy.
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6.5 IDEAL OUTLET VELOCITY COEFFICIENT
The ideal outlet velocity coefficient that was used in this
thesis was the mass averaged quantity at height Z2 f well above
the secondary flow and therefore not affected by the nature or
extent of the secondary flow. This value does not vary from one
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I pW 2dz ds cos (32
2 V
w2 1 5.9 /I=
I P W2 dz ds cos (32 I ~22-
y 2
pdz I W cos (3 2 ds-2 2 W2
= (dz is constant at
pdz I w cos (3 ds free stream)2 2




C I -2 _2_ cosv2id =
W w2 S (17)
w ds
11 cos {3 S2
>
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6.6 INTERNAL GAP LOSS AND DISCHARGE COEFFICIENT
The losses generated within the clearance gap where evaluated by
integrating the loss coefficient measured at each grid point.
This method was the same as used by Bindon (1988a). The gap mass
flow coefficient which gives an indication of the actual amount
of fluid going through the gap and the discharge coefficient
were also calculated.
6.6.1 Internal gap loss integration
In order to obtain a chordwise distribution of loss the losses
were integrated one dimensionally at each transverse station.




Integrating this over the gap width
6p p V dz JZg 6p
o = p 0 V dz
0.5 pw2 0 0.5 pW
2





The mass averaged loss generated by the whole gap was integrated
from endwall to tip and from leading edge to trailing edge.
The mass averaged loss coefficient is
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sos fZog _~_p_o p V
.5pW 2
dz ds
where V is the velocity component normal to the suction surface
Ss is suction surface distance
(since a blade height z = .25 chord is considered)1
1
pW .25 X S
f
Sos fZog CL pV dz ds
Ss
The clearance gap used for all blades was 2.5% chord, thus Zg = .025X
0.025 X2








C Y- d(z/z ) d(s/X)
L w g
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6.6.2 Gap Mass Flow
The gap mass flow is an absolute measure of the gap flow rather
than the discharge coefficient which relates to the local
pressure and loss.
Gap mass flow coefficient is defined as follows:
Cmg =
mgap
Using same reference area as before (1 pitch x 0.25 chord)
c =---------mg
p WS .25 X
Zg X f
Sos fa! p V d(z/Zg) des/X)
=-----------------






6.6.3 Gap Discharge Coefficient
The gap discharge coefficient is a measure of the actual flow
through the gap compared to the flow that would flow through if
the gap was isentropic. The loss free zone at mid gap height was
used to define the isentropic velocity Vis. If loss is present at
mid gap, then it leads to a slight inaccuracy.
From Bernoul1 i
PI + O.5PV~ =
2P
2
+ O.5pV + ~p
2 0







PI - P V
2
____2 + 1 2
- V2
I
If the pressure coefficient is known, the loss may be set to zero






























ZtgY1 + dzC sin () Zp g







ISo/X 110 V d(z/Zg) des/X)
=
ISo/X jlo Vj s cl ( z / Zg) cl ( s / X)
=
V sin e d(~/Zg) des/X)w
6.7 Conclusion
'11 + Cp sin 0 d ( z / Zg) cl ( s / X)
A method whereby detailed stationary cascade flow field data can
be converted into a simulated rotor flow to calculate work
transfer and efficiency was presented. The use of this method is
demonstrated in Chapter 8 by comparing the endwall region
performance of the tip clearance geometries tested. This method




EFFECT OF RELATIVE MOTION, GAP SIZE AND BLADE EDGE RADIUS ON BLADE
TIP PRESSURE DISTRIBUTION
The microscopic static pressure measurements and flow
visualization done on the blade tips in the annular turbine
cascade with rotating outer casing (as described in Chapter 3)
are discussed in this chapter. The detailed static pressure
distribution and the effect of relative motion between the blade
tips and endwall are presented for the flat tip blade. The effect
of clearance gap size on the tip pressure distribution and
separation bubble for the flat tip blade was also examined.
Finally in this chapter, the sharp edged pressure corner at gap
inlet was progressively radiused until the separation bubble was
eliminated. The effect of increasing this pressure corner radius
was shown using flow visualization and static pressure
measurements.
The work described in this chapter was all done with relative
motion between the endwall and blade tip, except for the case
where the rotating casing was kept stationary, to examine the
effect of relative motion.
The results described in this chapter are summarized in a paper
presented at the ASME Gas Turbine and Aero-Engine Congress,
Amsterdam, June 1988. (See Appendix 5).
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7.1 DETAILED PRESSURE DISTRIBUTION FOR FLAT-TIPPED BLADE WITH
CLEARANCE GAP
The detailed static pressure distributions for the flat tip blade
with clearance and relative motion are presented in
Figures 7.1.a - 7.1.s for the 19 slots at intervals of 5% chord.
The static pressure distributions recorded here were seen to be
similar in shape to those of Bindon (1988a). As the flow turned
to enter the gap the static pressure was seen to drop to the
lowest value in the form of a very narrow trough at the pressure
corner. This is thought to be due to the flow remaining attached
as it sharply turns around the corner or small blade edge radius.
The flow then diffuses sharply before separating to form the
separation bubble. The resul ts obtained here are significant
since in Bindon (1987a) only a single measurement was possible
to define this phenomenon. An improvement in the resolution of
the micro tapping technique has allowed 3 measurements to be
taken in the region near the corner to record the pattern. This
confirms the existence of these narrow regions of low pressures
on sharp edged pressure surfaces. It is important to note that
the pressure in the separation bubble and the low pressure trough
at the corner are very much lower than even the suction surface
pressure. After the separation bubble, the flow reattaches and
remains attached for the remainder of the gap. The static
pressure remains approximately constant in the attached region
up to the suction corner.






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































/ ,-- -_-:"-:-=--::-:------ -- -----=-..~:- --..
I ,r-------------- \ -.._-<~~
I ,: 450;0 chord " ~
It
It--\,)/












y' I Y mm. from
~.------__r------~~- pressure edge
-4
- 2 L.-----'------1..---_-.l.- --L.- --l.- --l.- -...I. ---l
-8
FIGURE 7.2 BLADE PRESSURE DISTRIBUTIONS IN THE CLEARANCE GAP
OVER THE FORWARD REGION OF THE PROFILE WHERE
PRESSURES ARE FALLING.
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FIGURE 7.3 BLADE PRESSURE DISTRIBUTIONS IN THE CLEARANCE GAP
OVER THE REAR REGION OF THE PROFILE WHERE
PRESSURES ARE INCREASING
100
distributions from the pressure surface to suction corner at the
blade tip. Figure 7.2 consists of 3 distributions over the
forward half of the blade. A chordwise pressure gradient exists
within the separation bubble, over the first half of the blade.
This gradient which can clearly be seen in Figure 7.2 accelerates
the bubble flow towards midchord. Bindon (l986a, 1986b) used
smoke flow visualization to demonstrate the strong chordwise
corkscrew motion of the bubble flow showing that the flow within
the bubble over the forward part of the blade moved towards
midchord.
Figure 7.3 shows the pressure distributions over the latter half
of the blade tip. Here a steep pressure gradient can be seen
within the bubble from midchord, to the trailing edge. This
pressure gradient suggests that the flow within the separation
bubble is in a chordwise direction from the trailing edge towards
midchord. To determine the direction of the flow within the
bubble a study was done using oil flow visualization at a
clearance gap of 4% chord. Oil was seen to move sluggishly from
the trailing edge towards midchord even though the turbine rig
was vertical and the oil had to move upwards against gravity.
Figure 7.4 is a schematic of the direction of flow within the
separation bubble. It is these flows towards mid chord that cause
fluid to accumulate at mid chord as can be seen in Figure 7.5.
This accumulated fluid is forced to mix with the gap inlet jet
in order to move towards the relatively higher pressure at the
gap exit as suggested by Bindon (1988a). Bindon (1988a) suggested





DIRECTION OF FLOW WITHIN SEPARATION BUBBLE. FLOW
OVER FORWARD AND REAR PART OF BLADE IS TOWARDS




FIGURE 7.5 FLOW ACCUMULATION AT MIDCHORD
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gap loss and that it appeared to play an important role in
decreasing the mass flow rate through the gap.
An interesting result, not seen before, was that the pressure
begins to fall to suction surface pressure well within the
parallel walls of the tip and endwall. Studying Figures 7.2 and
7.3, it can be seen that this effect decreases from leading edge
to trailing edge.
Figure 7.6 compares the static pressures on the suction and
pressure corners between a blade with clearance and a blade with
no clearance. To obtain the zero clearance blade loading, the gap
was sealed with felt and the rotating casing was kept stationary.
Figure 7.6 clearly demonstrates how the static pressure at the
suction and pressure corners drops well below the suction surface
pressure encountered on the blade with the sealed gap. This
corresponds to linear cascade measurements taken by Bindon
(1987a). The pressure surface (with clearance) curve was
generated by taking the minimum measured pressure at the pressure
surface corner.
In Figure 7.7 the average separation bubble pressure and the
pressure of the reattached flow after the bubble is shown. It can
be seen that the flow leaving the separation bubble has to move
to a higher pressure. The only way it can do this is by mixing
with the high velocity (kinetic energy) flow coming through the
gap over the bubble. The chordwise pressure distribution within
the bubble can also clearly be seen from Figure 7.7. The lowest
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7.2 THE EFFECT OF RELATIVE MOTION ON STATIC PRESSURE
DISTRIBUTION
The effect of having relative motion between the blade tip and
the endwall was examined by keeping the rotating wall stationary.
The pressure distributions were only taken at 4 stations namely
30%, 40%, 50% and 60% of chord. The relative motion of the casing
in an axial turbine is in the opposite direction to that of the
leakage flow as shown in Figure 7.8.
Figure 7.9 (a,b,c,d) show the distribution obtained with the
stationary casing and compare these to the case with relative
motion. These results are seen to be similar to those obtained
in the linear cascade of Bindon (1987a). The pressure level and
width of the separation bubble was little affected by relative
motion. The pressure level was affected mostly at mid chord. This
coincides with the area where the mixed out bubble flow emerges.
In Bindon (1987c) a relatively loss free core layer was seen over
most of the gap except for midchord where the mixed out bubble
flow is thought to emerge.
In the areas where the boundary layers of the casing and tip do
not interact the effect is minimal. The pressures found in the
area after the separation bubble (i.e. the attached flow) are
significantly higher (about 14%) for the case with relative
motion. As mentioned earlier the wall motion is in the opposite
direction to the leakage flow. This creates additional viscous
shear within the clearance gap causing the amount of fluid
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static pressure. If this leakage flow is decreased then it is
reasonable to assume that the leakage vortex downstream of the
clearance gap will be decreased in strength which was in
agreement to the findings of Graham (1985).
An oil flow visualization study was also done on the blade with
the wall held stationary but there was no noticeable difference
between the stationary and rotating wall cases.
7.3 THE EFFECT OF CLEARANCE GAP SIZE ON THE CLEARANCE FLOW
The effect of gap size on the clearance flow was examined in the
annular cascade with relative motion between the casing and blade
tip. Static pressure distributions were taken at the slots at
30%, 40%, 50% and 60% chord, and oil flow visualization was done
and photographed through the transparent rotating casing. The oil
flow could not be seen at the trailing edge since it was hidden
by the metal casing.
Studying the flow visualization photographs in Figure 7.10 it can
clearly be seen that the bubble width increases with clearance.
The bubble also tends to widen with chordwise distance and at the
4% clearance gap, the accumulation of fluid can clearly be seen
at midchord. Figure 7.11 shows graphs of bubble width versus
clearance gap size for the 4 chordwise stations at which
measurements were taken. From these graphs it is obvious that the
bubble width increases with clearance gap size. This is similar
to what Bindon (1986b; 1987b) found by using smoke flow
visualization. Moore & Moore (1986) claimed that the bubble width
109
1% 2% 4%
FIGURE 7.10 EFFECT OF GAP SIZE ON SEPARATION BUBBLE WIDTH
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was twice the gap size. From Figure 7.11 this can be seen to be
an approximation as the bubble width varies anything from 0.9 to
2.6 times the gap size. Moore & Moore (1986) also did not show
that width of the separation bubble varied with axial distance.
The bubble widths seen on the oil flow visualization photographs
were measured and are indicated on the pressure distributions
with arrows (Figures 7.12 a,b,c,d). The edge of the visible
separation bubble was seen to closely coincide with the end of
the pressure rise. As is shown in Figure 7.13 the pressure rise
after the separation bubble signifies reattachment. At the
reattachment point the flow is in a direction towards the tip
surface causing the flow to stagnate and thus increase the static
pressure. The pressure distributions of Bindon (1986a) were
analyzed in this manner and his results also showed an increase
in bubble width with gap size.
As shown in Figure 7.12(a,b,c,d), the separation bubble pressure
was strongly dependent on gap size, but the relationship was not
monotonic. A minimum pressure was found for the 2% clearance
case. This was true for all readings taken from 30% to 60% of
chord. This trend can also be seen in results of Bindon (1986a).
In the attached region after the separation bubble, the static
pressure was seen to increase with gap size. This effect is
probably due to the fact that, as the clearance is increased, the
effect that the "vena-contracta" has on the clearance gap flow
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FIGURE 7.14 RADIUSED PRESSURE CORNER TO ELIMINATE SEPARATION
BUBBLE
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The pressures at the suction surface corner do not follow the
pattern found in the attached flow regime. A possible explanation
here is that, as the clearance is increased, the vortex strength
is also increased causing a longer depression on the suction
surface.
7.4 THE EFFECT OF BLADE EDGE RADIUS ON THE CLEARANCE GAP FLOW
Bindon (1988a) showed that some 40% of the overall loss in the
tip region was generated within the gap. This internal gap loss
was mainly associated with the separation bubble. Bindon (1986a,
1987a) did a brief study on the effect of radiusing the pressure
edge corner and found that this decreased the corner pressure
depression caused by the flow remaining attached around the
corner. It was thus important to find out at what radius the
bubble could be eliminated and what effect this would have on the
clearance gap flow.
As shown in Figure 7.14, as the flow enters the gap it undergoes
a sudden contraction. The rate at which the flow contracts (and
thus whether the separation takes place or not) is dependent on
the inlet pressure corner radius. Tests were done at a fixed gap
width of 2% chord, and once the critical radius had been
established as a ratio of gap width, a single test was done at
a smaller gap width for confirmation. The separation bubble was
monitored using surface oil flow visualization and static
pressure measurements. Due to machining limitations the flat (or
square) tipped blade had a finite radius at the pressure corner.
This pressure corner radius was measured and found to be 1/4 gap
115
widths (0.5% chord). This radius was gradually increased until
the separation bubble had disappeared. Tests were done at radii
of 0.25,
chord) .
o. 5, 1, 1.5, 2 .5 gap widths (0.5%, 1 9-.-0, 2 9-.-o , 3 9-.-0, 5%
Flow visualization was done over the complete blade whereas
pressure distributions were only taken at 30%, 40%, 50% and 60%
chord slots. The pressure distributions for the different radii
were plotted on the same axis for comparison. A method was used
whereby the actual surface distance on the radiused corner was
projected on to the square surfaced blade tip. This
transformation is shown in Figure 7.15.
Figure 7.16 shows the surface flow visualization for pressure
edge radii of .25, 1, 1.5 and 2.5 gap widths (.5%, 2%, 3%, and
5% chord). For the blade with the smallest radius the separation
bubble can clearly be seen to extend from the leading edge right
up to the trailing edge. The blade with the pressure edge radius
of 2% chord was seen to have a thin separation bubble with
reattachment from leading edge up to about midchord. This
separation bubble seems to be very thin and only starts part way
around the radius. From midchord to the trailing edge the flow
appears to remain separated over the surface. Increasing the
radius further to 3% chord, the flow appears to have even a
smaller separation zone over the first half of the blade with no
separation evident from rnidchord to the trailing edge. At 5%
chord pressure edge radius the flow remains attached all the way





























FIGURE 7.15 METHOD USED FOR PLOTING PRESSURE DISTRIBUTIONS FOR
RADIUSED PRESSURE CORNER BLADES
.51. 21. 31. 51.
FIGURE 7.16 SURFACE OIL FLOW VISUALIZATION SEEN THROUGH MOVING
TRANSPARENT CASING SHOWING GAP SEPARATION BUBBLE
FOR INCREASING PRESSURE EDGE RADIUS AND A
CLEARANCE GAP OF 21. CHORD
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Figure 7.17 (a,b,c,d) shows the pressure distributions for
pressure edge radii of 0.25, 0.5, 1, 1.5 and 2.5 gap widths. For
the sharp edge case or 0.25 gap width radius, the typical
pressure depression due to the separation bubble is clearly
shown. At a pressure edge radius of 0.5 gap widths, this
depression is decreased, but the general shape is still evident.
The end of the pressure rise after the separation bubble
depression, coincides with the point of reattachment seen in the
flow visualization. For the larger radii the depression is seen
to decrease even further until at a pressure edge radius of 2.5
gap widths, the pressure drops from the pressure surface to
suction surface in a monotonic fashion. In the area of attached
flow after the separation bubble, the pressure was lowest for the
blade tip with a pressure edge radius of 2.5 gap widths. This is
probably due to the fact that since the flow remained attached
right through the gap, the higher velocities reached, caused a
lower static pressure. The pressure in this region strongly
depends on how much loss is generated within the gap.
In order to confirm that a pressure edge radius of 2.5 gap widths
eliminates separation within the clearance gap, a single test was
done at a different gap size. The clearance gap size was set at
0.8% chord and a blade with an edge radius of 2% chord (2.5 gap
widths) was tested. Here no signs of separation were noticed,
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CHAPTER 8
PERFORMANCE EVALUATION OF 3 BLADE TIP GEOMETRIES
The results discussed in this chapter were obtained from pitot
static measurements taken in the linear cascade (described in
Chapter 4). In Section 7.2 it was seen that relative motion
between the blade tips and the rotating casing did not have a
marked effect on the nature of the tip clearance flow. The most
significant result with relative motion seemed to be a decrease
in flow rate through the gap. Since the endwall and tip boundary
layers do not interact viscously over the majority of the gap,
it can be assumed that the effect of relative motion would be
similar on different blade tip geometries. The relative
performance of different blade tip geometries could thus be
examined in a large linear cascade with a stationary endwall for
ease of taking measurements.
As mentioned in Chapter 4 a proprietary blade profile as used by
Bindon (1986a, 1986b) was used so that results could be directly
compared. The boundary layer at inlet to the cascade was measured
using a O.9mm diameter single hole total pressure probe. The
static pressure was measured from a tapping in the endwall. As
shown in Figure 8.1 the velocity profile was quite different to
that obtained by Bindon (1986a). The boundary layer was thus
thickened using a 4mm diameter trip wire 190mm upstream of the
blade leading edges. The thickened boundary layer velocity
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FIGURE 8.1 INLET EOUNDRY LAYER
122
The flow field was measured for a blade with zero clearance so
that the secondary losses without tip leakage could be
calculated. As discussed in Chapter 4 and shown in Figure 4.4
three tip geometries were used, a flat tip edged reference blade
and two rounded tip designs that minimized the size and formation
of the separation bubble. The first rounded tip had a pressure
side edge with a radius of 2,5 gap widths to avoid the formation
of a separation bubble as found in Section 7.4. As shown in
Figure 8.2 the second tip was intended to deflect the leakage
flow radially into the gap. This would reduce the gapwise
velocity component or al ternatively, the resul ting
"vena-contracta" would reduce the effective flow area. The
contours that deflected the flow were generous so as to avoid
separation within the gap. A tip clearance of 2,5% chord was
used for all three blade tip shapes.
The integrated results for the 3 blade tip geometries and for the
zero clearance case are presented in Table 8.1 for comparison.
These results were calculated using Bindon's method as described
in Chapter 6. The overall loss was split up into the loss
generated within the gap, the mixing loss and the secondary loss.
The results for the three blade tip geometries are presented in
Table 8.2 as percentages of the overall loss for comparison. The
results of Bindon (1988) are also tabulated.
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FIGURE 8.2





~ts 97.70 76.90 74.09 80.68
Rotor eff tt
7] t t 98.38 87.81 86.56 88.82
Loss coef. CL 0.152 0.874 0.964 0.843
Internal gap loss Clg 0.270 0.062 0.062
Gap exit loss C 0.307 0.099 0.0991ge
Mixing loss Clm 0.152 0.452 0.750 0.629
Work coef C 9.225 7.869 6.212 6.700w
Exi t height z 1.046 1.123 1.112 1.1792
Gap mass flow coef Cf 0.240 0.287 0.256
Gap discharge coef Cd 0.824 0.926 0.920
Vel coef C 1.194 1.862 1.994 1.600v2
Ideal vel coef C 'd 1.129 0.845 0.785 0.839V21
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Internal gap loss 39% 30.9% 6.4% 7.4%
Mixing loss 48% 51.7% 77.8% 74.6%
Secondary loss 13% 17.4% 15.8% 18.0%
TABLE 8.2 PERCENTAGE LOSS DUE TO SECONDARY LOSS, INTERNAL GAP LOSS
M~ MIXING LOSS FOR VARIOUS BLADE TIP GEOMETRIES
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8.1 INTERNAL GAP LOSS AND MIXING LOSS
The amount of loss generated within the clearance gap effects the
overall performance of the blade. Bindon (1988a) showed that for
a flat tip blade, this accounted for a large proportion of the
overall loss produced by the leakage flow. It was thus important
to evaluate the internal gap loss generated by each of the three
blade tip geometries. The loss entering the clearance gap is
relatively small and is mainly due to the inlet boundary layer
on the endwall. The gap inlet flow is however difficul t to
measure since it undergoes intense directional change over a
small area.
The loss at gap exit is somewhat simpler to measure since the
flow leaves the gap almost parallel to the endwall. The flow
leaving the clearance gap was traversed at the gap exit with a
3-hole pitot static probe. The flow was traversed at 9 discrete
traverse points at 10% chordwise intervals. The gap exit loss
distributions at each traverse point for the three blade tips are
presented in Figures 8.3, 8.4 and 8.5. The loss distributions all
have a "bucket" shape and have a loss free area at the midpoint
between the endwall and tip. For most of the distributions this
midpoint area has zero loss. As shown in Figure 8.6 the loss seen
at the gap exit may be split up into two components. The loss on
the endwall side is due to the inlet boundary layer plus the loss
generated on the endwall within the gap. On the tip side of the
gap the loss is all generated by the boundary layers and
separated flow on the tip. The loss that occurs on the endwall
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blades. A loss· coefficient of 0.058, 0.060 and 0.037 was
calculated for the square, radiused and contoured tip blades
respectively.
For the flat tip and radiused pressure corner blades the loss on
the endwall side is due to both inlet loss and loss that was
generated on the endwall in the gap. For the contoured blade the
loss seen in the endwall side and gap exit is mainly due to the
inlet loss since the path of the clearance gap flow is too short
for endwall loss to develop.
As mentioned earlier the loss entering the clearance gap is
mainly caused by the inlet boundary layer and should not vary
much for different blade tip geometries since upstream flow
conditions do not change. The gap inlet loss calculated for the
contoured tip blade was thus used to represent the inlet loss to
all three blades.
The loss developed on the endwall within the gap was calculated
by subtracting the inlet loss from the gap exit loss on the
endwall side. Sjolander and Arnrud (1986) showed that for a flat
tip blade the flow separated on the endwall due to the diffusion
required of the flow after the separation bubble as shown in
Figure 8.6. It was thus thought that the flat tip blade would
generate the highest loss on the endwall within the clearance
gap. Contrary to this the radiused tip blade showed a marginally
higher loss coefficient of 0.023 as opposed to 0.021 for the flat
tip blade. This is probably due to the higher mass flow rate

































































































































Figure 8.7 shows the distribution of loss with chord for the
flat tip blade and compares this to that of Bindon (1988). The
distribution is quite different from what Bindon (1988) found for
the same blade geometry in a different cascade. The single high
loss region at midchord was not seen in this experiment. This
suggests that tip clearance flows are very sensitive and are not
easily repeated for different cascades and that results would not
be applicable for different blade tip geometries.
The sharp peak previously seen by Bindon (1988) in the gap exit
loss distribution was associated with bubble flow leaving the gap
at the point of lowest static pressure. In the present study two
peaks were seen suggesting that the separated flow within the
bubble leaves the gap in a more evenly distributed manner. Yaras
et al (1988) showed two total pressure troughs at the gap exit
which would correspond to the two high loss peaks. The total
integrated internal gap loss as a percentage of the overall loss
was 30,9% whereas Bindon (1988) found a higher loss of 38%.
The chordwise loss distribution for the three blade tip
geometries are presented in Figure 8.8. The radiused and
contoured tip blades were seen to have a much lower loss
distribution than the flat tip blade. This is as expected since
separation of the flow within the gap was avoided. The internal
gap loss as a percentage of overall loss was 6.4% for the
radiused tip blade and 7.4% for the contoured tip.
The distributions of mass flow coefficient and discharge
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FIGURE 8.8 CHORDWISE GAP EXIT LOSS DISTRIBUTION FOR THREE
BLADE TIPS
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respectively. The integrated results are presented in Table 8.1.
The radiused tip blade had the highest mass flow rate through the
gap of some 20% more than that of the flat tip blade. This is the
main reason for the bad overall performance of the radiused tip
blade. This additional leakage flow produced the very large
mixing loss which penalized this blade. The contoured tip blade
had about 6.7% more leakage flow than the flat tip blade.
The mixing loss was calculated by subtracting the internal gap
loss and the secondary loss from the overall loss. The overall
loss calculated for the blade with zero clearance gap was assumed
to be the secondary loss. The mixing loss coefficient for the
square, radiused and contoured tip blades was 0.452, 0.75 and
0.629 respectively. This follows the same pattern as that
obtained for the leakage mass flow rate. The radiused tip blade
had the highest mass flow rate through the gap and thus produced
the highest mixing loss. The lowest mixing loss was created by
the flat tip blade which also had the lowest leakage mass flow
rate through the gap.
The radiused tip blade had 66% more mixing loss than the flat tip
.blade for an increase in mass flow rate of only 20%. The
contoured tip blade experienced 39% more mixing loss for an
increase in mass flow rate of 6,7%. It therefore appears that for
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FIGURE 8.10 MASS DISCHARGE COEFFICIENT DISTRIBUTION FOR
THREE BLADE TIPS
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8.2 EXIT PLANE AND ENDWALL TRAVERSES
The development of the leakage flow mixing vortex for the flat
tip blade was examined by measuring the flow between two blades
at 6 planes normal to the axial direction, ranging from 40% axial
to the exit plane. The exit plane was traversed for all the
blades so that relative performance of each blade could be
examined. The flow was traversed with a 3-hole yaw and a 2-hole
pitch pitot static probe to make up 5-hole probe data as
described in Chapter 4.
Secondary flow diagrams were drawn for each measurement plane.
These diagrams show the velocity component of the flow projected
on a plane normal to the free steam velocity. The gradual
development of the leakage vortex for the flat tip blade is shown
in Figure 8.11 for planes from 40% to 100% axial. At all the
planes the leakage jet stays parallel to the wall until it
suddenly lifts off to roll and form the vortex. The vortex grows
steadily up to 80% axial chord from where it seems to grow much
faster. The length of the leakage jet vectors show that the
leakage flow is relatively undeflected. The flow can also be seen
entering the clearance gap.
The leakage vortex patterns for the three blade tip geometries
are presented in Figure 8.12. The contoured tip blade has a
vortex center that is the furthest away from the suction surface.
The radiused tip blade leakage vortex occupies the largest area
and is some 25% wider than the contoured tip blade. This causes
the very high mixing loss experienced by the radiused tip blade.
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leakage vortex.
The loss coefficient and efficiency contour plots at exit plane
for the 4 blades (including the zero clearance blade) are
presented in Figure 8.13 and Figure 8.14 respectively. The zero
clearance blade represents the loss generated by secondary flow.
The loss contours are all similar in shape to what was presented
by Bindon (1988). The large loss region with a high loss core at
the center of the leakage vortex can be seen in all the blades
with tip clearance. Extreme shear is shown by the contour lines
in the leakage jet region. The radiused tip blade once again has
the largest area affected by shear at the leakage jet.
8.3 CASCADE PERFORMANCE AT EXIT PLANE
The overall performance of each blade tip geometry was evaluated
by measuring the flow at the cascade exit plane. The cascade exit
plane contains the sum of all the components of loss, namely,
internal gap loss, leakage flow mixing loss and secondary flow
loss. The flow at the exit plane describes the overall
performance of the cascade but does not explain how the loss was
generated or how the leakage flow developed.
Table 8.1 presents the results for the simulated rotor analysis
and it can be seen that the contoured tip blade had the best
overall performance in terms of both efficiencies and work
transfer. On the other hand the radiused tip blade displayed the
worst performance. The total to static efficiency for the































FIGURE 8.13 EXIT PLANE LOSS CONTOURS' FOR 3






























































































































FIGURE 8.14 EXIT PLANE EFFICIENCY CONTOURS FOR 3 BLADE TIP

























whereas the radiused tip blade was 3.7% lower. The total to total
efficiency differences relative to the flat tip blade were not
as high. The contoured tip blade was only 1,2% more efficient
than the flat tip blade and the radiused tip blade was only 1,4%
less. The above efficiency figures are all for a blade height of
.25% chord. Therefore to obtain the overall efficiency
improvement the above figure must be divided by 4 and by the
aspect ratio. For example, for a long blade of aspect ratio 2 the
total to static efficiency improvement for the contoured tip
blade is 0,613%.
The overall total to total efficiencies for the three blades are
all higher than the total to static efficiencies. This was as
expected since the total to total efficiency assumes that the
kinetic energy at rotor exit was not lost but will be used in
subsequent stages. The surprising result here is that the total
to total efficiencies improvement for the contoured 'tip blade is
much lower than the total to static efficiency improvement. This
is explained by the small kinetic energy C2' leaving the
contoured tip blade. On the other hand the radiused tip blade had
a very high kinetic energy at exit causing the total to total
efficiency to be high.
It is interesting to note that the radiused tip blade had the
lowest efficiency since this blade tip was initially selected to
decrease the overall loss. As mentioned in Section 8.1 the extra
leakage mass flow rate through the gap due to the streamlined tip
geometry caused a much larger mixing loss. This offset any
advantage gained by the radiused tip's ability to create very
146
little loss within the clearance gap.
The relative performance of the different blade tips can also be
compared by considering the total pressure loss coefficient. As
discussed in Chapter 6 this method does not however take into
account the ability of the rotor to extract work from the flow.
Although it is logical it would be difficult to prove that the
simulated rotor efficiency analysis method is a more reliable
quantity. The simulated rotor efficiency does not require much
extra effort to calculate since only a few extra lines of
computer program are required and therefore it can easily be used
to obtain extra information on which to assess a blade.
The mass averaged absolute outlet velocity coefficients for the
four blades are presented in Table 8.1. It is important to note
that the outlet velocities for the three blades with tip
clearance are much higher than the blade with zero clearance.
Figure 8.15 shows the mean flow velocity diagrams for the three
blades with clearance and compares them to the zero clearance
blade. From these velocity diagrams it can clearly be seen that
tip clearance reduces the overall deflection and increases the
axial velocity. This reduces the ability of the rotor to extract
work from the flow.
Figure 8.16 presents the velocity diagrams at various points in
the exit plane flow field for the square tip blade. The flow in
the free stream is loss free and the vector diagram shows that
the flow leaves in an axial direction with no swirl velocity. In
the blade wake, high loss is experienced causing the axial


































































































































































































































































































































velocity. Thus in the wake the rotor work transfer is reduced
both due to high entropy generation and due to bad deflection.
The most interesting velocity diagrams are those in the vortex
region. In the vortex center the loss generation is high but, due
to the low static pressure, the relative velocity Wz is as high
as that in the free stream. Since the direction of the absolute
outlet velocity is almost axial, a small swirl velocity leaves
the rotor. The flow in the center of the vortex therefore has
good deflection and work transfer even though high loss was
produced. At the top of the vortex the flow is deflected even
more giving even better work transfer and a very small axial
outlet velocity. At the bottom of the vortex where the flow is
fairly loss free, the flow comes through almost completely
undeflected and with a very high axial velocity, hence almost no




During the course of this research program, two experimental rigs
were used to study tip clearance micro-flow phenomena and to
evaluate the performance of various tip geometries.
The first rig was an annular cascade with a rotating casing that
provided a relatively simple way'of creating the relative motion
between the blade tip and endwall. This allowed the effect of
relative motion on the flow within the gap, to be studied.
Relative motion was found to have little effect on the general
shape of the pressure distribution on the blade tip. This is
explained by the loss free flow between the blade tip boundary
layer and the casing boundary layer that indicated that the two
boundary layers do not interact viscously. The pressure
depression caused by the separation bubble was little affected
by relative motion, however in the reattached flow regime after
the separation bubble, the pressures were higher due to the
reduced leakage flow and reduced distortion of the suction
surface. The reduction in leakage flow was due to the direction
of the rotating casing which was opposite to that of the leakage
flow. Relative motion would thus be important in determining the
leakage mass flow rate and the formation of leakage vortex and
associated loss formation rather than in determining the basic
nature of the flow.
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The existence of the very low and narrow pressure trough on the
pressure surface corner of the flat tip blade was confirmed by
using a higher resolution pressure tapping technique which
provided more data in this region than had been reported
previously. This low pressure, is thought to be caused by the
flow remaining attached around the corner before it separated to
from the separation bubble.
It was found that the width of the separation bubble and the
static pressure within it both depend on the clearance gap width.
The bubble width was found to vary with chord, with the widest
part of the separation bubble at midchord. The bubble width was
also seen to increase as the clearance gap increased but the
relationship was not linear. The relationship of separation
bubble pressure to gap size was not monotonic. A minimum
separation bubble pressure was recorded at a clearance gap of 2%
chord. The reattachment line at the end of the separation bubble
was seen to coincide with a slight pressure peak.
A chordwise pressure gradient that accelerates the flow in the
separation bubble, from the leading edge towards midchord was
once again found. A pressure gradient was also found from the
trailing edge to midchord, and by using oil flow visualization
it was confirmed that flow within the separation bubble moves
from the trailing edge towards midchord. It is thought that the
flow within the separation bubble emerges at midchord and mixes
with the high velocity leakage jet to form a large proportion of
the internal gap loss and to reduce the leakage mass flow rate.
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The pressure corner radius of the tip was increased gradually up
to a radius of 2.5 gap widths at which all signs of separation
within the clearance gap disappeared. The deep pressure
depression associated with the separation bubble also disappeared
at a pressure corner radius of 2.5 gap widths.
The second experimental rig used was a linear cascade that
provided a means of evaluating the performance of two blade tip
shapes that were designed to prevent the formation of the
separation bubble within the clearance gap, and to compare them
to a conventional flat tip blade. Both modified blade tip shapes
were found to substantially reduce internal gap loss generation
which was responsible for some 31% of overall cascade loss. It
was found that simply radiusing the pressure corner decreased the
internal gap loss but, due to the extra leakage mass flow the
mixing loss increased by a large amount, making this blade the
least efficient. The contoured tip blade that was shaped to avoid
separation within the clearance gap and to shed the flow
radially, was found to be the most efficient blade tip in spite
of a fairly large mixing loss.
The formation of the separation bubble within the clearance gap
was eliminated with the two modified tip geometries and thus the
internal gap loss was greatly reduced. However the relationship
between this internal gap loss and the formation of mixing loss
was not established. The leakage jet showed a more even
distribution of loss than previous measurements, where a high
loss concentration was found at midchord. The fact that the
previous results were not repeatable indicates that tip clearance
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flow and loss formation is sensitive to tip geometry and flow
conditions. The overall inlet gap loss was also not the same as
previously measured by Bindon (1988a).
The formation of mixing loss appeared to depend very strongly on
the leakage mass flow rate. Therefore new tip geometry designs
should have a low entropy generation in the gap and at the same
time keep the leakage flow rate to a minimum.
Bindon's method of converting stationary cascade flow field data
into a simulated rotor flow, was used to calculate work transfer
and efficiency. This gave additional insight into the performance
of the blade tip geometries rather than merely considering loss
generation. The ability of the rotor to deflect the flow and the
amount of kinetic energy leaving the rotor were both taken into
account in evaluating the performance of the various tip
geometries.
The radiused tip and the improved contoured tip blades
investigated in this thesis were primarily studied to enhance the
understanding of the basic tip flow phenomena. In practice the
increase in overall performance of the blade obtained due to any
blade tip geometry will depend on the blade length. This is due
to the tip losses only affecting the tip region and the rest of
the blade being unaffected .The development of more efficient
blade tip geometries may be possible following the methodology
used in this study.
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APPENDIX 1.A
5 PROGRAM IICHORD lI
16 PROGRAM TO CALCULATE GAMMA, ALPHA 2 ,THETA ,F
20 **********************************************
25 PRINTER IS 601
30 DEG
60 DISP "INPUT WIDTH"
70 INPUT W
75 PHINT "WIDTH IS: II ,W
76 PRINT @ PRINT
77 PR I NT" C GAMMA THETA=ALPHA (2) Il
78 PRINT @ PRINT
































































20 PROGRAM TO GENERATE AND PLOT A3K7 BLADE PROFILE
30 AND TO THICKEN TRAILING EDGE
40 ***********************************************
50 CLEAR
60 PRINTER IS 601
70 DIM X(24)














220 ASSIGNI 1 TO IIBLADE DATA II
230 FOR K=1 TO 24
240 READ# 1 ; X(K),Y(K),A(K),B(K)
250 NEXT K
260 OUTPUT 602 ;IIVS12 11











380 CSIZE 3 @ LDIR 0
390 LOCATE 20,160,20,95
400 SCALE -10,210.75,-60,60
410 ! LAXES 5,2,-10,-30,2,10
420 DISP IIINPUT CHORD LENGTH (mm)"
430 INPUT C
440 DISP IIINPUT WIDTH (mm)"
450 INPUT W
460 DISP "INPUT LABEL:"
470 INPUT R$


















650 FOR K=2 TO 24
660 Z=l
670 Z=Z+l
680 IF Z=24 THEN GOTO 710
690 IF D*A(K){= SR(Z) THEN GOTO 710
700 GOTO 670




750 PXT(K)=X(Z-l)+(D*A(K)-SR(Z-l»*COS (THE(Z-l»-(B(K)+A(I)*L)*SIN (THE(Z-l»
760 PYT(K)=F*Y(Z-l)+(D*A(K)-SR(Z-I»*SIN (THE(Z-l»+(B(K)+A(!)*L)*COS (THE(Z-l»
770 PXB(K)=X(Z-l)+(D*A(K)-SR(Z-l»*COS (THE(Z-l»+(B(K)+A(!)*L)*SIN (THE(Z-l»




810 PYT (1) =,j
820 PXB(1)=0
830 PYB(I)=0
840 ! 1 GOTO 890
850 PRINT "PXT PYT



























1130 FOR J=2 TO 24





1190 DISP tlTO RUN AGAIN PRESS 0: 11
1200 INPUT X
1210 IF X=0 THEN GOTo 800
1220 END
1230 NEXT J




































































































































I. AXIAL =II,A,IIDATA STORED IN FILE :II,F$
TEMPERATURE (CELCIUS) =",TEMP










10 ! PROGRAM IIENTER RES II
20 ! PROGRAM TO ENTER DATA FROM 4 PRESSURE TRANSDUCERS ***********************
30 ! VERSION ON 5/8/1988
40 OPTION BASE 1
50 CLEAR
60 PRINTER IS 601
70 DIM RES(50,6)
80 FOR 1=1 TO 50








170 DISP IIINPUT FILE NAME TO STORE DATA: 11
180 INPUT F$
190 DISP "DO YOU WANT TO CREATE FILE ?II
200 INPUT QF$
210 DISP IIINPUT TEMPERATURE: 11 @ INPUT TEMP
220 DISP IIINPUT PRESSURE (mm Hg):1I @ INPUT·H
230 DISP "INPUT I. AXIAL FROM LEADING EDGE :11 @ INPUT A
240 DISP "INPUT I. TANGE FROM BOTTOM BLADE :11 @ INPUT T
250 DISP
260 DISP
270 PR INT "============================================= 'I
280 PRINT "READINGS FOR RADIUSED TIP BLADE 2.5I.CHORD CLEARANCE II
290 PR INT 11 ================================================='1
300 PRINT 11 PRESS TR.ANSDUCERS CONECTED FOR MINIMUM ERROR"
310 PRINT 11 ENDWALL PROBE Il











430 PRINT "=== ========== ============ ========= ========== ==========
440 PRINT @ PRINT
450 DISP IITO STOP ENTERING DATA TYPE -9999- 11
460 DISP IITO REPEAT LAST READING TYPE -5555-"
470 SL=0
480 FOR 1=1 TO 100
490 K=I
500 GOTD 550
510 DISP "INPUT NO. AT WHICH TO RESTART: 11 @ INPUT I
520 SL=SL+K-I
530 IF I=K THEN GOTO 550
54(' PRINT IIABoVE READINGS ARE ERRONEOUS NEXT READINGS ARE REPETITION II @ SL=SL+1
550 DISP IIINPUT DISTANCE FROM WALL (NO. OF TURNS) :11
560 INPUT RES(I,2)
570 DISP "INPUT REFERENCE ANGLE:"
580 INPUT RES(I,1)
590 IF RES(I,1)=9999 OR RES(I,2)=9999 THEN RES(!,1)=0 @ RES(I,2)=0 @ GOTD 860
600 IF RES(!,1)=5555 OR RES(I,2)=5555 THEN 1=1-1 @ GOTO 510
610 SUM1=0 @ SUM2=0 @ SUM3=0 @ SUM4=0
620 ENTER 628 ; RES6
630 FOR M=l TO 5
640 ENTER 622 RES3@ SUM1=SUM1+RES3
650 ENTER 624 RES4@ SUM2=SUM2+RES4
660 ENTER 626 RES5@ SUM3=SUM3+RES5






730 DISP" DATA NUMBER: ",I
740 DIS? " DISTANCE: ",RES(!,2)








83€' PR INT US I NG 840 ; I , RES·( I , 1) , RES (I , 2) , RES (I , 3) , RES ( I , 4) , RES (I , S) , RES (I , 6)
840 IMAGE DDD,4X,SDDD,9X,SDD.DD,7X,DDDD,9X,DDDD,9X,DDDD,9X,D.DDDD
850 NEXT I
860 ~ ******** STORE DATA **********
870 N=I-l
880 IF QF$="Y" OR QF$="YES II THEN GOTD 900
890 GOTO 930
900 CREATE F$,6*N+20,8
910 DISP uFILE CREATED: ",F$
920 DISP "=============================="
930 ASSIGN# 1 TO F$
940 PRINT# 1 ; N
950 PRINT# 1 ; TEMP
960 PRINT# 1 ; H
970 FOR 1=1 TO N
980 PRINT# 1 ; RES(I,1),RES(I,2),RES(I,3),RES(!,4),RES(I,S),RES(!,6)
990 NEXT !
1000 ASSISN# 1 TO *
1010 DISP "DATA STORED fl"
1020 CAT
1030 PRINT CHR$ (12)




I. AXIAL =",A,"DATA STORED IN FILE :",F$
TEMPERATURE (CELCIUS) =",TEMP







10 ! PROGRAM IIENTERPRE tI
20 ! PROGRAM TO ENTER DATA FROM PRESSURE TRANSDUCERS FOR PITCH PROBE *******
30 ! VERSION ON 4/10/1988
40 OPTION BASE 1
50 CLEAR
60 PRINTER IS 601
70 DIM RES(50,4)
80 FOR 1=1 TO 50








170 DISP "INPUT FILE NAME TO STORE DATA:"
180 INPUT F$
190 DISP "DO YOU WANT TO CREATE FILE ?II
200 INPUT QF$
210 DISP "INPUT TEMPERATURE:" @ INPUT TEMP
220 DISP "INPUT PRESSURE (mm·Hg):tI @ INPUT H
230 DISP "INPUT 'Z AXIAL FROM LEADING EDGE :" @ INPUT A
240 DISP "INPUT I. TANGE FROM BOTTOM BLADE :" @ INPUT T
250 DISP
260 DISP
270 PR INT 11 =======================================================11
280 PRINT "PITCH READINGS FOR RADIUSED TIP BLADE 2.5i.CHORD CLEARANCE N
290 PRINT 11=========================================================="
300 PRINT "PITCH PROBE"









400 PRINT " SET YAW (P4-P5)
410 PRINT "NO. ANGLE (DEG) DIST. (TURNS) PT2=V*1000
420 PRINT "=== ========== ============ ==========
430 PRINT @ PRINT
440 DIS? "TO STOP ENTERING DATA TYPE -9999-"
450 DISP "TO REPEAT LAST READING TYPE -5555-"
460 SL=0
470 FOR 1=1 TO 100
480 K=I
490 GOTO 540
500 DISP tlINPUT NO. AT WHICH TO RESTART:" @ INPUT I
510 SL=SL+K-I
520 IF I=K THEN GOTO 540
530 PRINT "ABOVE READINGS ARE ERRONEOUS NEXT READINGS ARE REPETITION" @ SL=Sl+l
540 DISP "INPUT DISTANCE FROM WALL (NO. OF TURNS) :11
550 INPUT RES(I,2)
560 DISP "SET AND INPUT YAW ANGLE: 11
570 INPUT RES(I,!)
580 IF RES(I,!)=9999 OR RES(I,2)=9999 THEN RES(},1)=0 @ RES(I,2)=0 @ 60TO 780
590 IF RES(I,1)=5555 OR RES(I,2)=5555 THEN 1=1-1 @ GOTO 500
600 SUM1=0 @ SUM2=0 @ SUM3=O @ 5UM4=0
610 ENTER 628 ; RES2
620 FOR M=l TO 5
630 ENTER 624 ; RES1@ SUM1=SUM1+RESl




680 DISP" DATA NUMBER: 11, I
690 DIS? 11 DISTANCE: It ,RES(!,2)





750 PRINT USING 760 ; I,RES(I,1),RES(!,2),RES(I,3),RES(l,4)
760 IMAGE DDD,4X,SDDD,9X,SDD.DD,7X,DDDD.D,7X,D.DDDD
770 NEXT I
780 ! ******** STORE DATA **********
790 N=!-l
800 IF QF$="Y" OR QF$=J'YES" THEN 6010 820
810 GOTO 850
820 CREATE F$,4*N+20,8
830 DISP "FILE CREATED:u,F$ ,
840 DISP 11==========================11
850 ASSIGN# 1 TO F$
860 PRINTI- 1 ; N-
870 PRINTI 1 ; TEMP
880 PRINT# 1 ; H
890 FOR 1=1 TON
900 PRINT# 1 ; RES(I,1),RES(I,2),RES(I,3),RES(I,4)
910 NEXT I
920 ASSIGN# 1 TO *
930 DISP "DATA STORED I III
940 CAT
950 PRINT CHR$ (12)




10 ! PROGRAM IICALCPRES II
20 ***********************************************************
30 PROGRAM TO READ RESULTS, CHANGE VOLTS TO PRESSURES,
40 CALCULATE KPSI2 , FIND PSI , FIND Pstat ,FIND P01-P02
50 P4-P5 FROM PITCH PROBE
60 RADIUSED TIP EXIT TRAVERSES USING ENDWALL PROBE + PITCH PROBE
70 PRESURE TRANSDUCERS CONNECTED FOR MIN ERROR
80 ***********************************************************
90 OPTION BASE 1
100 CLEAR
110 PRINTER IS 601
120 DISP 11*************************************************11
130 DISP 11 THIS PROGRAM READS YAW DATA FROM :D70011
140 DISP 11 READS PITCH DATA FROM :D700 11
150 DISP .. AND STORES DATA ON :D700"
160 DISP 11*************************************************11








260 ! I. AXIAL
270 DATA 100
280 ! Z TANGENT IAL
290 DATA 10,20,35,50,60,70,80,85,90,95
300 FOR 1=1 TO 1
310 READ AX(I)
320 NEXT I














470 DIS? "INITIALIZING ARAYS '"
480 FOR 1=1 TO 50
490 FOR J=l TO 4
500 PITCH(I,J)=0




550 FOR 1=1 TO 50
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650 ! MAIN LOOP
660 ! ======================================================_%_==
670 FOR V=l TO 1
680 FOR W=l TO 10
690 RES$=IIRTA"&VAL$ (AX(V»&IlT"&VAL$ (TA(W»






760 CR$="Y" @ GOTO 820
770 DISP "ENTER NAME OF FILE IN WHICH TO STORE DIMENSIONLESS DATA: 11
780 INPUT CALC$
790 CAT
80e DISP IIENTER NAME OF RESULTS DATA FILE II
810 INPUT RES$
820 ============================================__s===============
830 ! READ RESULTS ARRAYS FROM DISC
840 ! =============================================================
850 MASS STORAGE IS ":0700"
860 ASSIGN# 1 TO RES$
870 READ# 1 N
880 READ# 1 T
890 READ# 1 H
900 FOR 1=1 TO N
910 READ# 1 ; RES(I,1),RES(I,2),RES(I,3),RES(I,4),RES(I,S),RES(I,6)
920 NEXT I
930 MASS STORAGE IS 11:07'10"
940 ASSIGN# 2 TO PITCH$
950 READ# 2 NP
960 READ# 2 ; TP
970 READ# 2 ; HP
980 FOR 1=1 TO NP
990 READ# 2 ; PITCH(I,1),PITCH(I,2),PITCH(I,3),PITCH(I,4)
1000 NEXT I
1010 =============================================================




1060 PRESS(!,l)=REFFERENCE ANGLE (YAW ANGLE)
1070 PRESS(I,2)=ACTUAL DISTANCE FROM WALL ·FOR YAW PROBE
1080 PRESS(I,3)=P.T.l = P01-Pl
1090 PRESS(I,4)=P.T.2 = P2-P3
1100 PRESS(I,S)=P.T.3 = P1-P2
1110 PRESS(I,6)=P.T.4 = P0l-PS! FOR YAW PROBE
1120 PITCH PROBE
1130 ***********




1160 ! PP(I,3)=P.T.4 =(P01-PS1) FOR PITCH PROBE
1170 ! ==============================================================
1180 DENSITY=13600*9.81*H/1000/287.1/(273+T)
1190 DISP "AIR DENSITY IS :",DENSITY














1340 INTERPOLATE TO FIND PITCH DATA AT SAME POINTS AS YAW DATA
1350 ================================================================
1360 PPI(I,1)=P4-P5 AT YAW DATA POINT
1370 PPICI,2)=P01-PSl AT YAW DATA POINT




1420 FOR 1=2 TO N
1430 FOR J=2 TO NP











1550 CONVERT P4-P5 TO TUNNEL SETTING USED WITH YAW TRAVERSE
1560 =========================================================













1700 CALIBRATION CURVES FOR ENDWALL + PITCH PROBES 5-HOLE CAL.
171a ==============================================================
1720 FOR M=l TO NP










1760 FOR I=r- TO N

























2070 CALC(I,5)=STATIC PRESS OIFF.
2080 CALC(I,6)=UPSTREAM Q






2180 ==============================================================2190 PRINT AND STORE DIMENSIONLESS COEFICIENTS ANO ANGLES2200 ============================================================2210 CONVERT P4-P5 TO WIND TUNNEL SETTING AT YAW MEASUREMENT2220 PRINT "========================================================11.2230 PRINT "CLEARANCE=2.5i. CHORD=4.65mm ,RADIUSED TIP EXIT TRAVERSE"2240 PRINT "-----------------------------------------------------__ "2250 PRINT "PRESURE TRANSDUCERS CONECTED FOR MIN ERROR"2260 PRINT "PRESURE TRANSDUCER CALIBRATION 4/8/88 T=23.5 112270 PRINT IIENDWALL PROBE + PITCH PROBE USED II
22se PRINT
2290 PRINT IIDATA STORED IN FILE ",CALC$
230'1 PRINT 11------------------- ===========11
2310 PRINT @ PRINT
2320 PRINT "NO. DIST. (mm)
2330 PRINT 11=== ========












2440 PRINT CHR$ (12)
2450 MASS STORAGE IS u:D700 u
2460 IF CR$=uY II OR CR$=IIYESII THEN GOTO 2480
2470 GOTo 2510
2480 CREATE CALC$,N*6+20,8
2490 DISP "CREATED FILE :",CALC$
2500 DIS? "======================================"
2510 ASSIGN# 2 TO CALC$
2520 PRINT# 2 ; N
2530 FOR 1=1 TO N
2540 PRINT# 2 ; DIMLESS(I,I),DIMLESS(I,2>,DIMLESSCI,3>,DIMLESSCI,4),DIMLESSCI,5),
,DIMLESSCI,6)
2550 NEXT I








2640 ! i. AXIAL
2650 DATA 20,40,60,70,80,90
2660 ! i. TANGENTIAL
2670 DATA 10,20,35,50,70,80,90,95
2680 FOR 1=1 TO 6
2690 READ AX(I)
2700 NEXT I
2710 FOR 1=1 TO 8
2720 READ TA(I)
2730 NEXT I
2740 FOR V=6 TO 6
2750 FOR W=l TO 8
2760 RES$=IIDRTA II &VAL$ (AX(V»&"T"&VAL$ (TA(W»






10 ! PROGRAM IICALIBRATIO"
20 ! PRESSURE TRANSDUCER CALIBRATION PROGRAM
30 PRINTER IS 601
4() CLEAR
5(' DIM H(2~)
6~) DIM V (2~1)
7() DIM P(20)
80 FOR 1=1 TO 20
9(' H (I) =0
100 V (1) =0
110 P (1) =0
120 NEXT I
130 DISP IIENTER TRANSDUCER NO. OR NAME:"
140 INPU\f T$
150 DISP "ENTER SELECT CODE: 11
160 INPUT SC
170 PRINT "PRESSURE TRANSDUCER CALIBRTION II
180 PRINT 11==============================11 @ PRINT @ PRINT
190 PRINT "TRANSDUCER :II,T$,SC
200 PRINT 11================================================11 @ PRINT @ PRINT
210 DISP IIENTER DENSITY OF MANOMETER FLUID (mm)1I
220 INPUT D
230 PRINT "MANOMETER DENSITY: II,D ll II mm ll @ PRINT @ PRINT
240 PRINT "HEIGHT(mm) VOLTS (v) PRESSURE (Pa)"
250 PRINT 11========= ========= ============11 @ PRINT
260 1=0
270 DISP IITo STOP ENTERING POINTS TYPE -9999- 11
280 DISP IIINPUT MANOMETER HEIGHT IN mm: 11
29(' 1=1 +1
300 INPUT H(I)
310 IF H(I)=9999 THEN GOTO 370
320 ENTER SC ; V




370 ! ~~~~~~~~~~~X ,Y ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
380 DIBP II~"''''''''''''''''''''''LINEAR REGRESSION~"'~~~~"''''~II @ PRINT @ PRINT






















600 PRINT 1I"'''''''''''''P=a+bV :V IN VOLTS, P IN Pall
61 (1 PR I NT 11 a =11 , a
62() PRINT IIb=lI, b





Pressure transducer calibration constants for 3 different room
temperature.
Temp 23 23.8 25
Pressure constant
transducer
1 a -1167.6 -1172.1 -1187.0
b 585.6 587.1 593.8
r .999999 .999998 .999201
2 a -1153.8 -1153.2 -1161.5
b 578.7 578.0 581.62
r .999996 .999996 .999989
3 a -1161.6 -1165.9 -1176.9
b 561.5 583.89 588.3
r .999997 .999992 .999993
4 a -617.1 -610.4 -612.6
b 765.05 758.1 761.9
r .999891 .999986 .999981
P = a + bV ""here P = pressure (Pa)
v = volts
a, b = cali bra t.ion cons tan t s
r = sample corolation
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APPENDIX 3.C
3 HOLE PROBE CALIBRATION COEFFICIENTS
COEFFICIENTSI
Kl= AX= + EX + C
A .998782813853
B -.00182847402597 X

































































































C 6.5854978355E-5 XA 2
X angle Ymeasured YcalcGlated Deviation
t---------+-----------+-----~~:__-_+_------___J
-6.00000 .45450 .45256 .00194
-4.00000 .39010 .39586 -.00576
-2.00000 .34470 .33969 .00501
0.00000 .28890 .28404 .00486
2.00000 .22010 .22892 -.00882
4.00000 .16880 .17433 -.00553
6.00000 .13280 .12026 .01254
8.00000 .06400 .06672 -.00272






















































(COEFFICIENTS A,B,C ARE CALCULATED USING MULTIPLE REGRESSIO~
176
















































































































































































Model fitting results for: PTPSP1P2
Independent variable coefficient std. error t-value sig.level
CONSTANT 1.293291 0.142248 9.0918 0.0000
ANGLE -0.002852 0.005103 -0.5589 0.5915
ANGLE"'2 -0.000303 0.000221 -1.3730 0.2070
ANGLE"'3 -0.000011 1.878431E-5 -5.9611 0.0003
ANGLE"'4 4. 556167E-7 6.026843E-8 7.5598 0.0001
R-SQ. (ADJ.) = 0.9851 SE= 0.269553 MAE= 0.174309 DurbWat= 2.418
Previously: 0.0000 0.000000 0.000000 0.000
13 observations fitted; forecast(s) computed for 0 missing vale of dep. var.





















R-SQ. (ADJ.) = 0.9973 SE= 0.025772 MAE= 0.015821 DurbWat= 3.293
Previously: 0.9877 0.054892 0.041440 1.057
13 observations fitted, forecast Cs) computed for 0 missing vale of dep. var.
Model fitting results for: ANGLE
--------------------------------------------------------------------------------
Independent variable coefficient std. error t-value sig.level
--------------------------------------------------------------------------------
CONSTANT -1. 39'3701 2.010724 -0.6916 0.5687
P4P5 -19.32034 1.298576 -14.8781 0.0000
P4P5-A -2 0.778482 0.174811 4.4533 '3. '3021
P4P5.....3 0.292109 0.044'393 6.6249 0.0002
P4P5-A A -0.020172 0.003372 -5.9822 0.0003
--------------------------------------------------------------------------------
R-SQ. CADJ.) = 0.9792 SE= 5.622868 MAE= 3.380914 DurbWat= 1.220
Previously: 0.8986 12.402426 8.72(349 1.578
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PROGRAM WRITTEN BY PROFESSOR J P BINDON
INTERGRATES 5-HOLE DATA RESULT OBTAINED FROM PROGAM 'CALCPRES' TO
CALCULATE SIMULATED ROTOR PERFORMANCE
Z(mm) becomes Z2/Z1, W2W is W2/W, WC is W2/W*Cos(B2), W2S is (W2/W)A2





EXIT BOUNDARY LAYER INTEGRATION
(Spline fit in pitch dir>
SIMULATED ROTOR PERFORMANCE








































220 Inlet Boundary Layer Data
230 Zl=186/4 @ ! ie 1/4 chord
240 Clin=.13709 @ ! Inlet BL loss coeff
25'1
260 ! Creating traverse DATA
270 READ Case$,Ze,N
280 FOR n=l TO N @ READ S(n)@ NEXT n
290 DATA "Radiused Edge",1.111595,12,.02,.1,.2,.35,.5,.6,.7,.8,.85,.9,.95,1.02
3()0 DATA lISquare Edge", 1.12343286, 12, .02, .1, .2, .35, .5, .6,.7, .8, .85, .9, .95, 1.0
2
31') DATA" Zero Clearance", 1. 4:~464554,13,. ('2,.1,.2,.3,.4,.5,.6,.7, .8, .85, .9, .95
,1.02
324) ! DATA "Radiused Squealer", 1.178707, 12, .02, .1, .2, .35, .5, .6,.7, .8, .85, .9, .95,
1.4;'2
330 PRINT @ PRINT Case$ @ PRINT
340
350 Input Data from Disc and Create Required Quantities
360
370 FOR n=2 TO N-l
38(' TRAV$ (n) =1I 5DSTEX IT"~NAL$ (S (n HE-l,jl1) @ DIS? 11 Input of 11; TRAV$ (n)
390 ASSIGN# 1 TO TRAV$(n)
400 READ# 1 M(n)
181
410 FOR m=l TO M(n)
420 READ# 1 ; Z(n,m),B2(n,m),PSI(n,m),CL2(n,m),W2S(n,m),CP2(n,m)
430 Z(n,m)=Z(n,m)/Zl
440 W2W(n,m)=SQR (W2S(n,m»
450 WC(n,m)=W2W(n,m)*COS (B2(n,m»*COS (PSI(n,m))














59(1 PRINT 11 Determining The E;d t Plane Integration Height"
600 K=l
610 Cmze=0
620 DISP 11 Ze is"; Ze; 11 Recal cuI ate ? (Y IN) 11 tg INPUT A$@ IF A$ <> "V" THEN 800
630 FOR n=2 TO N-l
640 Cmv=0
650 FOR m=! TO M(n)








730 VO<,n)=Cmv @ ! PRINT "CmY at n=";n; 11 is II;CmY
74(1 NEXT n
750 BOSUB 1610 @ Cmze=AREA
760 BEEP
770 DISP "Mass FIol"4 Coeff Cmze = "; Cmze; 11 for le = "; Ze
780 IF ABS (Cmze-1».00001 THEN Ze=Ze+.75*(!-Cmze)*Ze @ GOrO 630
790
800 PRINT @ PRINT U Exit Height Ze is u;Ze
810 PRINT @ PRINT " Integrating for Work Coef Cw, Loss Coeff Cl and C2bar"
820
830 Phi=.5
840 Cw=O @ C1=0 @ C2bar=0 @ Ctm=0
850
86(1 PRINT "Pi tch Cl Cw C2b Ctheta"
870 FOR n=2 TO N-1
880
890 FOR m=1 TO M(n)
900 CT(n,m)=W2W(n,m)*SIN (B2(n,m»-1/Phi @ Ctheta
910 C2S(n,m)=CT(n,m)A2+WC(n,m)A2 @ ! C2A 2/WA2
920 NEXT m
930
940 CT(n,O)=-(I/Phi) @ ! wall value
950 C2S(n,0)=I/Phi A2 @ ! wall value
960 Cww=0 @ C11=0 @ C2b=0 @ Ctmm=0
970
980 FOR m=1 TO M(n)
990 !




















1200 V(I,n)=C11 @ V(2,n)=Cww @ V(3,n)=C2b @ V(4,n)=Ctmm




1240 PRINT @ PRINT @ PRINT IIExtrapoIated endpoints at 5=.02 and 5=1.02 for Splin
e Integration ll
1250 ! FOR n=2 TO N-l @ PRINT V(2,n) @ NEXT n
1260 K=2 @ GOSUB 1610 @ Cw=2/Phi A 2+2/Phi*AREA
1270 K=l @ GOSUB 1610 @ C12=AREA @ CIbar=CI2-Clin
1280 K=3 @ GOSUB 1610 @ C2bar=AREA
1290 K=4 @ GOSUB 1610 @ Ctm=AREA
130('
1310 BEEP @ PRINT @ PRINT @ Printing out Results
13211 PRINT IIPhi = "; Phi; R$
1330 PRINT "Work Coeff Cw = 11; Cw; R$
1340 PRINT "Exit Loss Coeff C12 = II;C12;R$
1350 PRINT IICascade Loss Coeff Cl2-Clin = Clbar = II;Clbar;R$
1360 PRINT "Mean Outlet Veloci ty Coef C2baro-'2/W'···2 = II;C2bar;R$
1370 PRINT "Mean Ctheta / W = "; Ctm; R$
1380 Al=ASN (Ctm/SQR (C2bar» @ PRINT "Mean Alpha2 = II;Al;R$
1390 C;{ m=SQR (C2bar )*COS (AI) @ PR INT "Mean C;·~ = 11; C;·~ m; R$









1420 PRINT "Finding C2id·····2/W··'·2 at furthest point from endl~all";R$
1430
1440 FOR n=2 TO N-1
145'~ m=M (n)
1460 V(3,n)=WC(n,m)*C2S(n,m) @
1470 V(2,n)=WC(n,m) @ I
1480 NEXT n
1490 K=2 @ G05UB 1610 @ Cme=AREA @ k=3 @ 80SUB 1610 @ C2id=AREA/Cme
150(' PRINT "C2id"·'2 / W...··2
1510
1520 PRINT "Tip Region Turbine Efficiency (ts)
) ; R$; R$
1530 PRINT "Tip Region Turbine Efficiency (tt)
1540 Cp=Cw+Clbar+C2bar
1550 PRINT "Driving Pressure Coeff (P01-P2/.5 Ro W2) = ";Cp;R$
156() PRINT "Work Coeff Cwp = "; Cw/Cp; R$
1570
1580 DISP IIEnter new Phi value (or type 0 to end)";@ INPUT Phi
1590 IF Phi >0 THEN 840
16'30 END
1610 **************** SUB INTUN ***********************
1620 Y data is supplied via array V(n,m) and integration may be done on any
1630 row n by specifying K
1640 X data is in array 5(n)
1650 V(K,1)=V(K,2)-(V(K,3)-V(K,2»*.8 @ V(K,N)=V(K,N-l)+(V(K,N-1)-V(K,N-2»*1.41
521 ! generating first and last array points 1 and N by extrapolating
1660 Xent=1 @ IF K=1 THEN DI5P IIIf extrapolated endpoints ";V(1,1);1I and ";V(l,
N)j" are OK, type in zero" @ INPUT Xent
1670 IF 1<=1 AND Xent<> (:' THEN DISP "Type in desired value at 0" @ INPUT V(l,l)
1680 IF 1<=1 AND Xent<> 0 THEN DISP "Type in desired value at 1" @ INPUT V(l,N)
1690 PRINT ilK = ";K,V(K,l),V(K,N)
1700 FOR 1=1 TO N @ XB(I)=5(I) @ YB(I)=V(K,I) @ NEXT I
1710 E=.000001








1800 s(1)=0 @ s(N)=0
1810 W=8-4*5QR (3)
1820 U=0
1830 FOR 1=2 TO N-l
1840 T=W*(-s(I)-B(I)*s(I-1)-(.5-B(I»*s(I+l)+G(I»
1850 H=ABS (T)
1860 IF H)U THEN U=H
1870 s ( I ) =s ( I ) +T
1880 NEXT I
1890 IF U)= E THEN 1820
19('0 AREA=',







PROGRAM ~GAP EXIT I~
PROGRAM WRITTEN BY PROFESSOR J P BINDON
CALCULATES LOSS AT GAP EXIT, GAP MASS FLOW RATE AND
DISCHARGE COEFFICIENT
185
GAP EXIT LOSS & DISCHARGE COEFF INTEGRATION
WITH REFERENCE TO SUCTION SURFACE
(Spline fit in pitch dir)
(GAP EXIT I)
WC is W2/W x Cos (90-Gamma+B2) Alb is Blade ss Angle
CisC is Cis/W x Cos (90-Gamma+B2)
S is s/Chord where s is distance along surface from le
Ss is Sue Side pas of trav
st is true chord pas of traY
W2W is W2/W, W2S is (W2/W)A2
Creating Chordwise traverse Positions
READ Case$,Code$,N@ PRINT Case$
FOR n=1 TO N @ READ St(n),Ss(n),Alb(n),S(n)
Ss(n)=Ss(n)/100 @ S(n)=S(n)/100 @ NEXT n
DATA IIRadiused Edge 1I,IIDRTGApll,11
DATA IISquare Tip 1I,IIDSTGAp u ,11












8~' PAGESI ZE 24
9"":) R$=CHR$ (13)
lOO PRINT @ PRINT
110 DIM V(4,15)
































390 Performing input and Calculations for each Chord position
400
186
410 FOR n=2 TO N-l
420 TRAV$(n)=Code$&VAL$ (St(n»
430 DISP "READING ";TRAV$(n);1I s/X=";S(n);1I Alpha ss=";Alb(n)
440 ASSIGN# 1 TO TRAV$(n)
450 READ# 1 ; M(n)@ M(n)=M(n)+l @ ! Create last traY point on blade
460 FOR m=l TO M(n)-1
470 READ# 1 ; K,Z(n,m),B2(n,m),CL2(n,m),W2S(n,m),CP2(n,m)
480 W2W(n,m)=SQR (W2S(n,m»
490 WC(n,m)=W2W(n,m)*COS (90-Alb(n)+B2(n,m»
500 CisC(n,m)=SQR (1+CP2(n,m»*COS (90-Alb(n)+B2(n,m»
51€' IF WC(n,m)<,j THEN BEEP @ DISP "Neg Leakage Comp Set Zero at ";S(n)*100; "/., R
eading no ";m;" 90-Alb+B2 = ";90-Alb(n)+B2(n,m) @ ~JC(n,m)=0
520 IF CL2(n,m)<0 THEN CL2(n,m)=0 @ ! If loss goes neg set to zero
530 NEXT m
540
550 ! Creating Edge Values
560 I











680 WC (n , M(n) ) =,j
690 CisC(n,0)=SQR (1+CP2(n,0»*COS (90-Alb(n)+B2(n,0»
700 CisC(n,M(n»=SQR (1+CP2(n,0»*COS (90-Alb(n)+B2(n,M(n»)
710 NEXT n
720
730 GOTO 780 @ DISP "Display data? (Y/N)" @ INPUT A$@ IF A$=IINII THEN 780
740 FOR n=2 TO N-1 @ DI5P 5s(n)*100;"/. Chord ll @ DISP "Zmm Cl WCosB WisCosB
B2 11 @ FOR m=0 TO M(n)
750 DISP USING IID.DD,DD.DDD,DDD.DDD,DDD.DDD,DDDD.DD" ; Z(n,m),CL2(n,m),WC(n,m),C
isC(n,m),B2(n,m) @ NEXT m
760 INPUT A$@ IF A$="0 11 THEN 780
77€' NEXT n
780 PRINT "."
790 PRINT "l. Chord 1D Loss Losscomp 1D dis coef Beta mean 1dMassF Cf lnt
Cisdz S/C"
800 FOR n=2 TO N-l
810
820 ! Generating array V for spline subroutine INTUN
830 ! Integrating firstly at each Chordwise station
840 Clp=0 @ Cdp=0 @ Top=0 @ Bot=0 @ B2mn=0 @ C1=0
850 Zg=Z(n,M(n»-Z(n,O)











970 PRINT USING "DDD,5X,DD.DDDD,5X,DD.DDDD,5X,DD.DDDD,5X,DDD.DD,5X,DD.DDDD,3X,DD
.DDDD,3X,DDD.D" Ss(n)*100,Clp,Cl,Top/Bot,B2mn/Top,Top,Bot,S(n)*100
980 NEXT n
990 PRINT @ PRINT
100'3
1010 ! Integrating Loss in chordwise direction
1020 V(1,1)=V(1,2)-(V(I,3)-V(1,2»*(S{2)-S(I»/(S(3)-S{2»
1€130 IF Vel, 1><0 THEN BEEP @ DISP ilL H value was ";V(1,1) @ V(I,1)=0
1040 V(1,N)=V(1,N-l)+(V(1,N-I)-V(1,N-2»*(S(N)-S(N-l»/(S(N-1)-S(N-2»
1050 IF V(1,N)<O THEN V(1,N)=0
1060 PRINT "Loss Coef Endpoint data II;V(l,l);1I II;V(1,N)
1070
1080 PRINT IIIntegrated Loss up to each chord pos
% Chord Loss (spline) Loss (Trapez rule)1I
1090 Np=N @ Sum=0
1100 FOR N=2 TO Np
1110 IF N=2 THEN AREA=0 @ GOTO 1130
1120 K=l @ GOSUB 1440
1130 Sum=Sum+.l/.7*(V(1,N)+V(1,N-l»/2*(S(N)-S{N-l»
1140 PRINT USING IIDDD,6X,D.DDDDD,9X,D.DDDDD" ; Ss(N)*100,.1/.7*AREA,Sum
1150 NEXT N @ PRINT @ PRINT
1160




1210 IF V(2,1)<0 THEN V(2,1)=0
1220 V(2,N)=V(2,N-1)+(V(2,N-l)-V(2,N-2»*(S(N)-S(N-1»/(S(N-1)-S(N-2»
1230 IF V(2,N)<0 THEN V(2,N)=0
124';' PRINT "Flo(.aJ Coef Endpoint data II;V(2, 1); 11 ";V(2,N)
1250 K=2 @ BOSUB 1440 @ Top=AREA
1260 V(3,1)=V(3,2)-(V(3,3)-V(3,2»*(S(2)-S(1»/(S(3)-S(2»
1270 IF V(3,1)<O THEN V(3,1)=0
1280 V(3,N)=V(3,N-1)+(V(3,N-1)-V(3,N-2»*(S(N)-S(N-1»/(S(N-1)-S(N-2»
1290 IF V<3,N)<0 THEN V(3,N)=O
1300 PRINT IIDischarge Coef Endpoint data Il;V(3,1);1I ";V(3,N)
1310 K=3 @ GOSUB 1440
132€1 PRINT @ PRINT "Spl ine integrated ll
1330 PRINT "Discharge Coeff for whole gap = II;Top/AREA
1340 PRINT "Gap Mass Flot.., Coeff = ";.1/.7*Top
1350 PRINT @ PRINT "Trapezoidally integrated ll
1360 Top=0 @ AREA=0





1410 PRINT "Discharge Coeff for whole gap = t1;Top/AREA
1420 PRINT "GapMass Flow Coeff = ";.1/.7*Top
1430 BEEP @ BEEP @ BEEP @ END
1440 ! **************** SUB INTUN ***********************
1450 FOR 1=1 TO N @ XB(I)=S(I) @ YB(I)=V(K,I) @ NEXT I
1460 E=.00fH}01








1550 5(1)=0 @ s(N)=0
1560 W=8-4*SQR (3)
1570 U=0
1580 FOR 1=2 TO N-1
1590 T=W*(-s(I)-B(I)*s(I-l)-(.5-B(I»*s(I+1)+6(I»
1600 H=ABS (T)
1610 IF H>U THEN U=H
1620 s(I)=s(I)+T
1630 NEXT I
1640 IF U)= E THEN 1570
1650 AREA=0









PROGRAM WRITTEN BY PROFESSOR J P BINDON
CALCULATES LOSS INLETING THE GAP BY ITE6RATING THE LOSS
FROM THE ENDWALL UP TO LOSS FREE ZONE AT GAP EXIT FOR






GAP INLET LOSS INTEGRATION
WITH REFERENCE TO SUCTION SURFACE
(Spline fit in pitch dir)
(GAP INLET !)
WC is W2/W x Cos(90-Gamma+B2) Alb is Blade ss Angle
CisC is Cis/W x Cos (90-Gamma+B2)
S is s/Chord where 5 is distance along surface from le
Ss is Suc Side pas of traY
St is true chord pas of traY
W2W is W2/W, W2S is (W2/W)A2





270 Creating Chordwise traverse Positions
280 READ Case$,Code$,N@ PRINT Case$
290 FOR n=l TO N @ READ St(n),Ss(n),Alb(n),S(n)
300 Ss(n)=Ss(n)/100 @ S(n)=S(n)/100 @ NEXT n
310 DATA "Radiused Edge 1I,"DRTGApl,11
320 DATA IISquare Tip 11, "DSTGAP", 11

















100 PRINT @ PRINT
110 DIM V(4,15)












410 FOR n=2 TO N-l
420 TRAV$(n)=Code$&VAL$ (St(n»
430 DISP "READING I;TRAV$(n);" s/X=l;S(n);" Alpha ss=";Alb(n)
440 ASSIGN# 1 TO TRAV$(n)
450 READ# 1 ; M(n)
460 ! SQUARE TIP
470 DATA 6,6,3,4,4,4,5,5,5




520 READ M(n)@ PRINT M(n)
530 FOR m=l TO M(n)
540 REAO# 1 ; K,Z(n,m),B2(n,m),CL2(n,m),W25(n,m),CP2(n,m)
550 W2W(n,m)=5QR (W2S(n,m»
560 WC(n,m)=W2W(n,m)*C05 (90-Alb(n)+B2(n,m»
570 CisC(n,m)=5QR (1+CP2(n,m»*COS (90-Alb(n)+B2(n,m»
580 IF WC(n,m)<0 THEN BEEP @ DISP "Neg Leakage Camp set Zero at 1;5(n)*100;"'1., R
eading no ";m;" 90-Alb+B2 = ";90-Alb(n)+B2(n,m) @ WC(n,m)=0
590 IF CL2 (n, m) <O THEN CL2 (n, m) =0 @ ! If 'loss goes neg set to zero
600 NEXT m
610
620 ! Creating Edge Values
630 I







710 CisC(n,0)=SQR (1+CP2(n,0»*COS (90-Alb(n)+B2(n,O»
720 NEXT n
730
740 GOTO 790 @ DISP IlDi spI ay data? (V IN) 11 @ INPUT A$@- IF A$=IlN" THEN 790
750 FOR n=2 TO N-l@ DISP 5s(n)*100;"% Chord" @ DISP "Zllm Cl WCosB WisCosB
B2" @ FOR m=0 TO M(n)
760 DISP USING "D.DD,DD.DDD,DDD.DDD,DDD.DDD,DDDD.DD" ; Z(n,m),CL2(n,m),WC(n,m),C
isC(n,m),B2(n,m) @ NEXT m
770 INPUT A$@ IF A$="0" THEN 790
780 NEXT n
790 PRINT ".11
800 PRINT "l. Chord 10 Loss Losscomp 10 dis coef Beta mean IdMassF Cf Int
Cisdz S/C"
810 FOR n=2 TO N-l
820
830 ! Generating array V for spline subroutine INTUN
840 ! Integrating firstly at each Chordwise station
850 CIp=0 @ Cdp=0 @ Top=0 @ Bot=0 @ B2mn=0 @ Cl=0
860 Zg=4.65











980 PRINT USING "DDD,5X,DD.DDDD,5X,DD.DDDD,5X,DD.DDDD,5X,DDD.DD,5X,DD.DDDD,3X,DD
.DDDD,3X,DDD.D" ; Ss(n)*100,Clp,Cl,Top/Bot,B2mn/Top,Top,Bot,SCn)*100
990 NEXT n
1000 PRINT @ PRINT
1010
1020 ! Integrating Loss- in chordwise direction
1030 V(1,1)=V(1,2)-(V(1,3)-VC1,2»*(S(2)-SC1»/(S(3)-S(2»
1€'40 IF V(l, 1)<'1 THEN BEEP @ DISP "L H value was II;VC1,1) @ VC1,1)=0
1050 V(1,N)=VCl,N-l)+(V(1,N-1)-VC1,N-2»*(S(N)-S(N-l»)/(S(N-1)-S(N-2»
1060 IF V(1,N)<0 THEN VCl,N)=0
1070 PRINT "Loss Coef Endpoint data ";VC1, 1); 11 ";V(I,N)
1080
1090 PRINT "Integrated Loss up to each chord pos
i. Chord Loss (spline) Loss (Trapez rule)"
1100 Np=N @ Sum=0
1110 FOR N=2 TO Np
1120 IF N=2 THEN AREA=0 @ GOTO 1140
1130 K=1 @ GOSUB 1190
1140 Sum=Sum+.1/.7*CVC1,N)+V(1,N-l»/2*CS(N)-SCN-l»
1150 PRINT USING ~DDD,6X,D.DDDDD,9X,D.DDDDDII ; Ss(N)*100,.1/.7*AREA,Sum
1160 NEXT N @ PRINT @ PRINT
1170 !
1180 BEEP @ BEEP @ BEEP @ END
1190 ! **************** SUB INTUN ********************~~*
1200 FOR 1=1 TO N @ XBCI)=S(!) @ YB(I)=VCK,I) @ NEXT I
1210 E=.000001








1300 5(1)=0 @ s(N)=0
1310 W=8-4*SQR (3)
1320 U=0
1330 FOR 1=2 TO N-l
1340 T=W*C-s(I)-BCI)*sC!-1)-C.5-BCI»*sCI+I)+GCI»
1350 H=ABS (T>
1360 IF H>U THEN U=H
1370 s(I)=s(I)+T
1380 NEXT I
1390 IF U)= E THEN 1320
1400 AREA=0
191
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The Effects of Relative Motion, Blade Edge Radius and
Gap Size on the Blade Tip Pressure Distribution in an





University of Natal, Durban
South Africa
ABSTRACT 1. INTRODUCTION
Flow visualisation and microscopic static
pressure measurements were done in the tip
clearance region of an annular turbine cascade
with a rotating outer casing to simulate the
relative motion at the tip of an axial rotor.
The effect of relative motion did not have a
significant effect on the blade gap pressure
distributions. As in previous studies the
narrow deep pressure depression on a sharp
pressure edge was seen. It was confirmed that
the width of the gap separation bubble depends
on clearance and a correlation with flow
visualisation showed that at the reattachment
line there is the expected slight pressure
peak. The separation bubble, which is thought
to contribute a major part of the leakage
loss, was shown to disappear when the pressure




The degradation of turbomachine perf-
ormance with increasing tip clearance is well
known for both turbines (see for example Booth
et al 1982a, and Ewen et al 1973) and
compressors (Ruden 1937 and Rains 1954). The
efforts at reducing this loss are dominated by
mechanical control of gap size and by aero-
dynamic methods of limiting the gap leakage
mass flow for a given gap size. The leakage
related quantities of loss, gap mass flow and
tip sealing efficiency are often conveniently
described by the gap discharge coefficient.
Much of the previous work has sought to
predict and measure this quantity or to use it
as a basis for evaluating tip performance
(Rains 1954, Wadia and Booth 1982, Moore and
Tilton 1987). All of these models are related
in some way to the driving pressure difference
across the profile and are based on a single
physical clearance flow model applicable at
all axial stations between the leading and
trailing edges. These models all acknowledge
the separation bubble near the pressure
surface and the subsequent reattachment or
mixing.
2 Refers to cascade outlet, tip









Refers to cascade inlet, tip
Distances from pressure face




In order to extend the understanding of
the flow physics inside the clearance gap
Bindon (1986a,b and 1987a,b,c), using minia-
turised probes and tappings in a linear
t~rbine cascade with clearance, measured both
the com?lete static pressure field and the
boundary layers inside the gap and on the
e~dwall and also visualised the minute flow
structures with smoke.
In a companion paper offered, Bindon
(1988) analysed the data to obtain the
variation with axial distance of the tip
c~earance losses due separately to internal
gap friction, mixing of the leakage flow and
nor~al secondary flow and atte~pted to relate
some of the findings to the observed flow
Presented at the Gas Turbine and Aeroengine Congress
Amsterdam, The Nethe~lar.as-June 6-9. 1988
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2. ROTATING CASING CASCADE AND INSTRUMENTATION
The profiles were cast in epoxy resin
using a mould created from a hand-made wooden
master blade. As described in Bindon 1987a,
Finally this paper responds to Moore
(1987) who has suggested that the width of the
separation bubble increases with the clearance





ONE AND A HALF STAGE LOW SPEED
TURBINE ADAPTED FOR ROTATING
CASING STUDY.
a compressor rig in which relative motion
enhances tip leakage flow. Gearhart (1964),
also for a comprssor rig, reported that
endwall motion increased the gap static
pressure depression. The 2D numerical model of
Wadia and Booth (1982) allows for wall motion
and a drop in discharge coefficient was
calculated with the wall in motion as for a
turbine.
An existing one and a half stage low
speed research turbine was converted to model
the relative motion between a rotor blade and
casing. As shown in Figure 1, the stator row
becomes the stationary annular test cascade
while the rotor row is attached to a segment
of the outer annulus. This segment extends
forward over the stator and rotates with the
rotor to create the required relative motion
at the tip.
To provide adequately sized blade profiles
for the microscopic pressure measurements
needed, relatively low aspect ratio untwisted
cascade was chosen. A NACA A3K7 profile with a
slightly thickened trailing edge to model a
cooled turbine was used. The profile and test






This paper therefore in the first instance
begins to address the question of eliminating
the clearance gap separation since it appears
to play such an important part in loss
formation. The sharp edged pressure corner at
gap inlet is progressively radiused and the
effect of this on the separation bubble as
refected by pressure distribution and in
surface flow visualisation is investigated.
The radiused edge studies also extend the very
limited radius studies originally performed by
Bindon (1986b, 1987a).
Since much of the understanding of tip
clearance flow was obtained in experimental
rigs which do not model the relative motion in
the tip region, this paper also studies this
effect by rotating the casing of an annular
test cascade. There is conflicting evidence in
the literature regarding the influence of
relative motion. Mayle and Metzger (1982)
argued that the gap path length was not iong
enough for the two boundary layers to meet and
interact viscously. A spinning disc rect-
angular surface experiment proved the thesis
by showing that the heat transfer coefficient
was virtually independant of simulated turbine
wall motion. Graham -(1985) for a turbine
cascade configuration found that wall motion
had the effect of significantly reducing the
leakage flow, of moving the leakage vortex in
to~a:ds .the suction surface and of virtually
el~m~nat~ng the suction surface depression
ca~sed by 7he vortex. He also provided gap
eXlt veloclty traverses which showed that the
bubble wake boundary layer almost filled the
gap which is in agreemnent with the traverses
of Bindon (1987c) in the same general region.
Dean (1954) found that the vortex core was
moved further away from the suction surface of
phenomena. It is suggested that the separation
bubble plays a dominant part in loss formation
inside and outside of the gap. Due to the
accelerating gap pressure field over the
forward half of the blade, a strong chordwise
flow is established within the separation
bubble. This flow accumulates near mid chord
and near the pressure edge where the gap
pressure is the lowest. The only way that this
flow can leave the gap is by mixing with the
leakage jet at inlet thus forming a very
intense loss zone due the high inlet jet
velocity. On the endwall, mixing losses are
insignificant over the forward half of the
blade despite the entry of leakage flow there.
Mixing losses only appear to emerge and grow
very rapidly when the high loss wake
containing the mixed out bubble enters at 70%
chord. The exceptionally rapid growth of the
endwall mixing loss was tentatively attributed
to the possibility of the bubble wake having
insufficient energy to negotiate the diffusion
in the suction corner. The result would then
be a "separation" or flow reversal with
accompanying mixing loss. Finally it was
suggested that since so much entropy is
generated within the gap in reducing the
discharge coefficient, fewer losses may result
from a relatively loss free flow in which the
combination of tip deflection and entropy
production is optimised. Such a loss free flow
may also reduce the mixing loss.
2
3. THE CLEARANCE GAP PRESSURE DISTRIBUTIONS
AND THE EFFECT OF RELATIVE MOTION
the blades were slotted at the tip, the slots
taped over and micropunctured for high
resolution static pressure measurements of up
to 5 tappings per millimeter. After puncturing
the position of a tapping was measured using a
hand held magnifier with O.lmm engraved
Qraduations. Each slot was accessed by a
;panwise hole drilled through into the hub
reQion and connected to a multitube manometer
byo a tube bunch exiting through the nose
cone.






























bubble flow is thought to emerge. Thus the
casing boundary layer is unlikely to have a
marked effect on the blade boundary layer and
hence on the pressure distribution.
By allowing the casing to either rotate
or remain stationary, the pressure distri-
bution on the blade within the clearance gap
was measured along lines roughly normal to the
blade chord and hence the direction of the
leakage flow. In Figure 2 results are shown
at 30%, 40%, 50% and 60% chord and for the
stationary wall, are similar to those obtained
from the linear cascade of Bindon (1987a). A
low pressure region exists right on the
pressure corner which is thought to be due to
an attached flow around the small blade edge
radius. This diffuses sharply before
separating to form the bubble. With relative
motion, this pressure trough is less evident
and edge pressures are higher. No explanation
is advanced for this since very little is
known about the microstructure of the corner
flow. These new results for the corner are
however significant because in Bindon (1987a)
only a single measurement had been available
to define the phenomena. An improvement in the
micro tapping technique has added 3 more holes
close enough to the corner to record the
pattern. It can therefore be stated with more
confidence that these narrow regions of low
pressure do exist on sharp edged pressure
surfaces.
In a turbine the relative motion of the
casing is in the opposite direction to the
leakage flow. The viscous shear on the gap
endwall is therefore much more intense than in
a compressor. Although gap sizes are small,
the flow path even at maximum blade thickness
is also short and the internal boundary layers
would not normally be fully developed at gap
exit. A relatively loss free core layer was
seen in Bindon (1987c) over most of the gap
length except at mid chord where the mixed out
The pressure level in the bubble zone is
little affected by wall motion as is the
apparent width of the bubble. The pressures
reached in the fully attached area behind the
bubble are significantly higher (about 14%)
with rotation. Since wall motion would
increase the viscous shear action within the
clearance gap, both the leakage flow quantity
and the size of the resulting vortex, could be
slightly reduced. This could increase the
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FIGURE 2 EFFECT OF RELATIVE MOTION ON THE BLADE PRESSURE DISTRIBUTIONS IN THE TIP CLEARANCE GAP
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has been found to be radically affected by the
leakage vortex blockage (Graham 1985, Bindon
1987a).
Figure 3 shows that the suction surface
pressure is much lower than the "sealed" or
semi 2D value and corresponds to the linear
cascade measurements of Bindon (1987a) and
Graham (1985). While the suction surface
In order to highlight the low pressure
levels encountered in the separation bubble
and therefore tbe kinetic energy that needs to
be imparted to the separation bubble flow,
Figure 3 shows the mean of the lowest part of
the pressure trough related to the bubble in
comparison to the suction surface distri-
bution. It should be noted that this bubble
pressure is perhaps the quantity most repre-
sentative of the pressure side distribution.
The gradient on the pressure face at the tip
is too intense to realistically define a tip
pressure and the actual edge pressure is too
narrow a zone for it to be regarded as
defining the tip loading. It is also difficult
to use the pressure surface loading some
distance away from the tip, before the gap
acceleration starts, because in an annular
cascade, radial effects are present. The
clearance gap was therefore sealed with felt
and, with a stationary casing, a zero
clearance distribution recorded and presented




remainder of the study was done with
annulus rotating.
pressure is reduced by clearance, there is no
evidence of the significant distortions seen
by Bindon (1987a) and Graham (1985) and attri-
buted to the influence of the leakage vortex
in the suction corner. Since endwall motion is
present this could due to the reduced strength
and penetration of the leakage flow as found
by Graham (1985) and by Sjolander and Amrud
(1987). The bubble pressure is lower than that
measured on the suction surface, or clearance
gap exit value, from 30% chord onwards. The
nature of the pressure distribution indicates
that the loading is weighted towards the
leading edge, a factor which may have a signi-
ficant influence on the flows inside the gap.
Sjolander and Amrud (1987) found, for a diff-
erent profile, that the suction surface had
two depressions which were associated with two
leakage vortices emerging from the gap. Thus
very different flows could occur inside the
gap depending on the profile, the important
factors being perhaps camber and thickness.
The actual bubble pressures and the
remainder of the blade gap surface pressure
distributions are given in Figures 4 and 5.
The first figure shows 3 distributions over
the forward half of the blade in the zone
where it can clearly be seen that the flow
within the bubble undergoes a strong
acceleration towards the trailing edge. A new
result seen in these curves is that the
pressure towards the suction side begins to
fall well within the parallel walls of the
clearance gap. This effect reduces with chord
and, as Figure 5 shows, the distributions are
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Figure 5 shows the pressures over the
rear half of the blade and the steep pressure
rise required of the flow inside the bubble
can be seen. It is this gradient which is
thought to separate the internal bubble flow
that is established over the forward half of
the blade and to force the accumulated fluid
to mix with the gap inlet jet in order to move
towards the reltively high pressure at gap
exit. This mixing process may form the major
part of the internal gap loss and appears to
be a significant factor in reducing the gap
discharge coefficient (Bindon 1988).
This pressure gradient raises the interesting
question of whether the flow within the bubble
is not in actual fact towards the leading
edge. A careful study was made using oil flow
visualisation and at a clearance gap of 4i.
chord, oil could clearly be seen moving
sluggishly from the trailing edge towards mid
chord. Unfortunately, the turbine rig was
vertical and the oil was moving against
gravity. Since oil therefore could be moving
towards mid chord from both directions, it
explains why oil is seen in Figure 6 to
collect near mid chord and break away towards
1'......... ----...:._
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the gap exit. The oil movement over the
forward half of the blade, although aided by
gravity, is not solely due to gravity as can
be demonstrated by the strong chordwise cork-
screw motion clearly seen in the smoke flow
visualisation of Bindon (1986a, 1987b).
The possible counter flow of separation
bubble fluid is thought to be important since
more fluid would be convected towards mid
chord and would add to the internal gap loss
generation and to the reduction in gap
discharge coefficient.
4. THE EFFECT OF GAP SIZE ON CLEA~ANCE FLOW
The smoke flow visualisation of
Bindon (1986a, 1987b) showed that the width of
a separation bubble became wider with
increased clearance gap. However, the pressure
distributions seemed to indicate that the
bubble width was independent of gap size. In
an oil surface flow study, Moore (1987), also
claimed that the bubble increased with
clearance.
In the annular cascade, the gap size was
set at 1%, 2% and 4% chord and the pressure
distribution recorded and the oil surface flow
visualisation photographed through a trans-
parent rotating outer casing. Figure 6 shows
the pressures at 40% chord and the complete
flow visualisation except for the trailing
edge, which was hidden by the metal casing.
has been associated with the reattaching flow
behind the bubble. When this interpretation
of the pressure distribution is applied to the
results of Bindon (1987a), then the bubble
width in that study can also be said to vary
with clearance gap size. Since at the edge of
the separation bubble (ie where the flow
reattaches) there is a flow of considerable
strength towards the blade surface, a slight
pressure peak can be seen which immediately
falls away in the direction of the leakage
flow.
The minimum pressure within the bubble is
also strongly dependent on gap size but is not
monotonic and the 2% clearance shows a very
much lower pressure than the values at lower
and higher clearances. A somewhat similar
result can be seen in the pressure distri-
butions of Bindon (1986b, 1987a)
5. THE EFFECT OF BLADE EDGE RADIUS ON GAP FLOW
In Bindon (1987a), a brief study was made
of the effect of pressure edge radius and it
was seen that the sharp pressure dip on the
edge was reduced as the radius was increased.
Since the pattern of tip leakage loss develop-
ment inside the clearance gap and on the
endwall is thought to be strongly connected to
the gap separation bubble, the effect of
increasing edge radius on the formation of the
bubble was investigated. If the formation of
the separation bubble could be prevented there
could be a significant reduction overall loss.
It is quite obvious that the width of the
bubble increases with clearance gap. It also
tends to become wider with axial distance and
in the case of the largest clearance, almos~
breaks away near mid chord, probably due to
the accumulation of oil which is fed there
from both directions. The bubble width at 40%
chord was measured and the positions indicated
on the pressure distributions. The edge of
the visible bubble coincides almost exactly
with termination of the pressure rise which
The inlet to the clearance gap is equiv-
alent to a sudden contraction and the corner
radius dimension which will keep the flow
attached and avoid a separation bubble will
most likely depend on the gap size. Tests were
therefore done at a fixed gap width of 2%
chord and once the critical radius was found
a single experiment at a smaller gap was mad~
for confirmation. By monitorin~ the bubble












FIGURE 6 EFFECT OF GAP SIZE ON PRESSURE DISTRIBUTION AND SEPARATION BUBBLE
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pressure distribution, the edge radius was
progressively increased from the original
"sharp" value of 1/4 gap width (0.5% chord)
until the signs of separation vanished.
Figure 7 shows the surface flow visuali-
sation for pressure edge radii of 0.25, 1, 1.5
and 2.5 gap widths (0.5%, 2%, 3% and 5%
chord). For the smallest radius the bubble is
very wide and starts righ~ at the edge of the
blade and runs unbroken from leading to
trailing edge. At a radius of I gap width the
pattern is quite different. The oil indicates
that th~ bubble starts part way around the
radius and the attached flow off the pressure
surface can be distinctly seen.' The bubble
appears to be very narrow. Near mid chord the
bubble itself separates and thereafter the
flow does not appear to reattach. At a radius
of 1.5 gap widths, the flow has remained
attached evea further around the edge before
forming a narrow bubble. At 2.5 gap widths
the flow is clearly attached around the edge
and right across the gap surface.
gap widths and also at 0.5 gap widths. At the
next radius of 1.5 gap widths, the edge
pressure is as much as 35% higher and there is
a distinct rise slightly before the termin-
ation of the radiused section. This coincides
exactly with the position of the thin separa-
tion line seen in the flow visualisation.
At an edge radius of 2.5 gap widths where
the flow visualisatipn indicated attached
flow, the minimum pressure occurs at the
termination of the radius. There is a slight
pressure rise which could indicate either a
small separation but a boundary layer traverse
would be needed to ascertain the nature of the
flow. The pressure level within the clearance
gap is the lowest for the apparently
completely attached flow and this low pressure
persists right through to gap exit (not shown
in Figure 8). This would indicate that the
suction surface pressure is actually decreased
by the more energetic nature of the leakage
flow as also found by Graham (1985).
In Figure 8 the pressure distributions
for various edge radii are presented for 30%,
40% and 50% chord. The characteristic
depression attributed to the bubble can be
clearly seen at the sharp edge radius of 0.25
The clearance gap was finally set at 0.8%
chord and a blade with an edge radius of 2%
chord (2.5 gap widths) was tested using flow
visualisation. No signs of separation were
seen thus confirming that separation can be
avoided by using edge radii of 2.5 gap widths.
FIGURE 7 SURFACE OIL FLOW VISUALISATION SEEN THROUGH MOVING CASING SHOWING GAP SEPARATION
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FIGURE 8 EFFECT OF PRESSURE SURFACE EDGE RADIUS ON THE
SEPARATION BUBBLE AND THE BLADE GAP PRESSURE DISTRIBUTION
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The annular rotating casing rig has
rel atively simple vehicle forprovided a
creating a relative motion in the tip
clearance region of a cascade. Due to the
layer of virtually loss free flow between the
casing boundary layer and the blade gap
surface boundary layer, the effect of relative
motion was found to have little influence over
the general shape of the pressure dist:i-
butions measured in the tip clearance. reg~~n
and hence over the basic flow mechan~sms ~n
the gap. The low pressure associated with the
separation bubble was little influenced .by
relative motion but in the reattached reg~me
behind the bubble, the pressures were higher,
probably as a result of a reduced ~eakage flow
and reduced distortion of the suct~on surface
pressure. This reduction in leakage flow me~ns
that relative motion is more important w~th
respect to loss formation and gap dischar~e
coefficient than in determining the bas~c
nature of the gap flow.
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slight pressure peak. A pressure gradient
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from trailing edge towards mid chord, it is
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and greatly enhance the internal gap loss and
reduce the gap discharge coefficient.
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pressure depression within the gap. This also
had the effect of apparently strengthening the
leakage flow and therefore reducing the
suction side pressure and hence the pressure
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